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SUMVARY

The objective of our research has been to devel op nethods of assessing the sen-
sitivity of marine birds in Alaskan waters to petroleumrelated environnental
perturbations. Qur approach has conbined field observations and information wth
various analytic and conputer sinulation nodels. This report conpletes our documen-
tation of the population energy flow patterns, at-sea distributions, and sensitivity
to oil spills of the domnant marine bird species breeding at naor colonies on
Kodi ak Island and using the surrounding oceanic areas for foraging. W enployed
data from 8 major colony locations of breeding Tufted Puffins and Bl ack-Iegged
Kittiwakes, in conbination with other information obtained fromthe seabird litera-
ture, to conduct nodel analyses of the level of nortality of these species that
m ght acconpany selected oil-spill scenarios. The nodel that we used was a sinpli-
fication of one devel oped earlier in this research and previously applied to the
Pribilof Islands system In the Kodiak model, we excluded consideration of chick
nortality due to death of parents or to dimnished growth rate acconpanying a shift
in parental foraging distributions caused by a spill, and we nodeled the spatia
distribution of the birds about Kodiak using a system of rectangul ar coordinates
rather than the polar coordinate system enployed in the Pribilof analysis. The
Kodi ak model required 12 paranmeters, which considered features of population size
and distribution, flight speed and trip time, time spent foraging in specific areas
and the sizes and locations of those areas, daylength, the probability that adults
encountering a spill wll suffer nortality, the nortality suffered by birds from a
given colony foraging in a given area, and the extent of a simulated oil spill and
time required for the affected area to return to an equilibriumfollow ng the
spill. Spill trajectories were simulated from four launch points at two tinmes of
the breeding season, using 50 sinulation runs to establish the frequency distribu-
tions for each site-season scenario. The results of our nodeling indicated that for
nost scenarios, adult nortality of puffins and kittiwakes was quite |ow, usually
|l ess than 1% of the breeding populations at a given colony. Puffins were somewhat
more susceptible than kittiwakes, and spills originating close to a colony generally
effected greater nortality than those launched at greater distances, although this
was influenced in inportant ways by the foraging distribution characterizing the
birds inhabiting a given colony. For each spill scenario, however, there was a fre-
quency distribution of estimated nortalities that resulted from the influences of
the various factors affecting spill trajectory and duration. As a result, sone
spill scenarios did cause substantial nortality among the breeding birds, although
these generally were not likely to occur very often. Mnte Carlo anal yses indicated
that a considerable amunt of the variation in the estimates of spill-related nor-
tality of adult puffins and kittiwakes was due to uncertainty in the estimtion of
various model paranmeters. This enphasizes the need for good information on those
popul ation or colony attributes.

The second part of this report reviews the general status of the information or
data base on marine birds and their environnents in A askan waters that we have
found to be necessary to our nodeling efforts. From a consideration of a large
nunber of parameters on popul ations, foraging, energetic, and characteristics of
the perturbations thenselves, we identify the following as having a high priority
for obtaining accurate, colony- or area-specific field data: (1) The size of the
colony. (2) The patterns of at-sea distributions of the birds. (3) The trip
times of foraging adults. (4 The pattern of age-specific survivorship of the
popul ation. (5) The probability that an adult bird encountering an oil spill wll
suffer nortality. (6) The frequency with which adults shift their foraging distri-
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distribution to other areas upon encountering an oil spill. (7) The ways in which
a spill nmy influence resource availability to foraging birds in the affected area.
In addition, the follow ng parameters are assigned an internediate priority: (1)
The breeding structure of the population. (2) The foraging pathways of indivi-
duals. (3) The metabolic costs of foraging activity. (4 The spatial and
temporal patterns of food availability about the Colony. (5) The ways in which
changes in food delivery rate to chicks affects their growth rate and survivorship.
(6) The distributional dynamcs of oil spills.

PART |. AN ANALYSIS OF KODI AK | SLAND COLONIES

A Introduction

Colonially breeding seabirds are a conspicuous and inportant element of nost
marine ecosystems. They often occur in vast concentrations, especially in areas of
high productivity. They my have major effects on energy flow in these systens,
consum ng perhaps 22-27% of the annual production of small pelagic fishes (Wens and
Scott 1975, Furness 1978), and their concentration of nutrients about breeding colo-
nies my have major influences on [ocal patterns of marine nutrient cycling (Tuck
1960, Zelickman and CGolovkin 1972) or on the contributions of nutrients to adjacent
terrestrial systems (Burger et al. 197°8, Smth 1979). As marine ecosystenms becone
subject to increasing demands for human devel opment, especially through activities
related to petroleum resources, the probability that the seabirds and their posi-
tions in narine trophic dynamncs will be disturbed increases (Nettleship 1977,

Ni sbet 1979, Birkhead and Nettleship 1980). Intelligent management or conservation
of marine birds requires some neans of anticipating the effects of various pertur-
bations, rather than continued reliance on_post facto assessnents of developnent-
related nortality.

The objective of our research over the past several years has been to devel op
met hods of assessing the sensitivity of marine birds in Al askan waters to environ-
nmental perturbations such as mght acconpany petroleum devel opment. The approach
has conbi ned the analysis of field observations on the distributions of the birds at
sea and on their life history, reproductive, and denpgraphic attributes with sinula-
tion modelling of population foraging distributions and denmography. This approach
was initially devel oped and applied to colonially breeding seabirds on the Pribilof
I'slands, Bering Sea (Wens et al. 1979a, Ford et al. 1981). Mre recently, we have
extended the analysis to the mrine birds associated with Kodiak Island and the
surrounding waters of the northeast Qulf of Aaska. This report conpletes the pre-
sentation of the results of our investigation of that system

This research has involved three distinct phases. In the first (Wens et al.
1979b), we used simulation nmodels to estimte popul ation energy flow patterns for
the dom nant breeding species in the Kodiak region. W found that Tufted
Puffins! were the nost inportant consumer species, in terms of their energy demands
upon the system W estimated that the puffin population consumed 5.90 x 109 kcal
during the course of the breeding season, compared with 2.12 x 109 kcal consuned by
t he Bl ack-1egged Kittiwake population and 1.73 x 109 kcal consumed by G aucous-
winged Gulls. Total energy demand by these three dominant species was thus esti-
mated to be 9.75 x 109 kcal during the breeding season, which converts (follow ng
the procedures of Wens and Scott 1975) to 8,100 netric tons of prey. These val ues
are nearly an order of magnitude |ess than those we calculated for the Pribilof

“Scientific names of bird species are given in Appendix I.
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system (Wens et al. 1978a). The Kodi ak val ues, however, do not include severa
maj or species, such as shearwaters and murres, that do not breed (at [east at high
densities) on Kodiak but that exploit the nearby waters, so the conparison is of
doubt ful val ue

The second phase of the research involved an analysis of the distributional pat-
terns of the dom nant breeding species about Kodiak Island, and a statistical eva-
luation of the results of seabird sensuses in the region (Wens et al. 1980).
Because of the heterogeniety in censusing circumstances and conditions, it was
necessary to adjust the raw census values in various ways in order to synthesize the
distributional patterns of the birds in the Kodiak area. Qur analyses of the
distributions of Black-1egged Kittiwakes, G aucous-w nged Gulls, nurres, Sooty
Shearwaters, and Tufted Puffins indicated distinct regions of high and |ow den-
sities. Some of the high-density areas were probably the result of chance encoun-
ters of large aggregations of individuals during censusing, but others were clearly
associated with bathynetric features or nearby breeding colonies. In general, the
areas around the Semidi and Barren islands, over Portlock North (the eastern end),
and South Al batross banks, and the area between the Trinity Islands and Cape Ikolik
appeared to be inportant foraging areas for these species, while Shelikof Strait and
the eastern end of North Al batross Bank had consistently |ow densities, as did the
of f-shel f areas.

Qur statistical analyses of the results of pelagic bird censusing in the Kodiak
region was not encouraging. \Wen densities were calculated from censuses in 20 x
20-km bl ocks of the region around Kodiak, our analyses indicated that only 6% of the
area had been surveyed with sufficient intensity to permt the derivation of sta-
tistical confidence intervals about the mean density estimates. O that proportion
of blocks, only 3% had been sanpled sufficiently enough that the upper confidence
limts were within an order of magnitude of the cal cul ated mean, even though the
data were pooled over seasons to enhance sanple sizes. Thus, while the at-sea cen-
suses available to us at that tinme were sufficient to permt estimations of den-
sities for the various blocks of ocean about Kodiak, we were generally unable to
attach meaningful statistical significance levels to the spatial variations in the
densities. Qoviously, this lack of statistical validation of the distributiona
patterns that we (an others) have derived poses a serious constraint on any sub-
sequent efforts to define areas of greater or |esser sensitivity to perturbations.

This report contains the results of the third phase of our research, which has
concentrated on enploying models to estimate the effects of various petroleum-
rel ated perturbation scenarios on mortality of birds associated with breeding colo-
nies on Kodiak Island

B. The Data Base

Any nodeling analysis is constrained by the nature of the data available as it
related to the objectives of the analysis (see Section 11 of this report). Qur ana-
lysis of the dynam cs of the Kodiak seabird systenms was constrained by the availabi-
lity of detailed information on the denography of well-studied colonies and by the
quality of the information regarding the distribution of the birds at sea. Part ly
for this reason, and partly on the basis of the results of our earlier analysis of
the Pribilof Islands marine bird system (Ford et al. 1981), we adopted a sinplified
approach to modeling the Kodiak system As a result, we required informtion on
basic features of breeding colonies, such as size and |ocation, and on the at-sea
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distributions of birds. Colony data were provided for colonies in Sitkalidik Strait
and the Chiniak Bight by U S. Fish and Wldlife Service personnel (Pat Baird, Cerry
Sanger, and Pat Gould), and were supplenmented with information from the Catalog of
Al askan Seabird Col onies (Sowls et al. 1978). Because little information was

avai l abl e on many of the colonies listed in the catalog, we restricted our con-
sideration to those colonies or colony-groups indicated in Fig. 1 (See also Table
1).

Table 1. Seabird colonies in the Kodiak area used in our modeling anal yses (See
Fig. 1). Colony names and locations (in parentheses) follow the notation
of the Catalog of Al askan Seabird Col onies (Sowles et al. 1978).

Nunbers of Individuals (x 103)

Col ony (location) Col oni es Tot al
TUFTED PUFFIN

1. Flat Is. (033 002) 30 30
2. Cathedral Is. (034 005) 12 12
3. Ladder Is. (034 007), Ermne Pt. 4

Is.(034060), Dusk Is. (034061) 6, 1, 1.5 8.5
4. @ll Pt. (034 010), Long Is.

(034 067) 5, 2*2 T2
5. Chiniak |s & Rks (034 014) 7 7

6. Kekur & Mddle Is. (o3 015),
Svitlak & Utesistoi Is. (034 016),
Queer Is. (034 017), Viesoki Is.
(034 018), Puffin I's. [1] (034 022),
Jug & Kalsin |I's. (034 O47), Zaimka |s.

(034 087) , Ciff Is. (034 088), Bird, .6, .9, 1.3, 1.8,

Kulichkof, Holiday & Popof Is. 1.3, .7, 2.1, .8,

(034 089) , Tong Is. & Islets (034 090) .2, 1.7 11. 4
T. The Triplets (034 046) 60 60

BLACK- LEGGED KITTIWAKE

1. Flat Is. (033 002), Jap Bay (033 003) 1, 3
2. John Is. (034 003), Mddle Triangle

(034 050) 3, b 34
3. Cathedral Is. (034 005) ho1 b1
L. Inner Right Cape (034 059), Ermine

Point Is. (034 060), Dusk Island

(034 061) 1.4, 5.5, 1.7 8.6
5. W Boul der Bay (034 008) 40 40
6. Chiniak |s. & Rks (034 014) 9.8 9.8
7. Kekur & Mddle Is. (034 015),

Svitlak & Utesistoi Is. (034 016),

Viesoki |s. (034 018), Bird, Kulichkof,

Hol i day & Popof Is. (034 089), G bson 1.2, 2.5, 2.6,

Cove (034 099) A, 4 T.1
8. Anton Larsen Bay (034 097), N. Barbara

Cove Point (034 028), Wale Is.

(034 044) 1.5, 2, 4 7*5
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A large array of marine birds species occurs at these colonies and in the waters
adj acent to Kodiak Island. Mny of these, however, occur at |ow densities (e.g.
Arctic Terns, Pelagic Cormorant), are primarily associated with island groups other
than Kodiak itself (e.g. Common and Thick-billed mrres), or are not directly asso-
ciated with the breeding colonies on Kodiak (e.g. Sooty Shearwaters). Accordingly,
we restricted our attention to the two ngjor breeding seabirds on Kodiak, Tufted
Puffins and Bl ack-|egged Kittiwakes. Collectively, these two species contribute
roughly ou% of the birds breeding in the Kodiak colonies that we considered.

Information on the distribution of the birds at sea in the areas adjacent to
Kodi ak was obt ai ned from shi pboard and aerial transects conducted by U S. Fish and
Wldlife Service personnel during 1975-197' 7. These data were included in our
earlier analysis of distributional patterns (Wiens et al. 1980). That analysis eva-
luated distributional patterns by estimating the densities of species in 10 kmx
10 km bl ocks of ocean area. W used the same information to conduct the nodel ana-
| yses reported. here, except that distributions were combined into 20 kmx 20 km
bl ocks. This change was necessitated by conmputer limtations: the run tine and
size of the model increase exponentially with the number of spatial blocks that mst
be considered. W believe that this slightly coarser spatial scale is appropriate
for the sort of spill scenarios we consider.

c. Mdel Structure

In the present analyses we have used a modified version of the nodeling approach
that was enployed for the Pribilof |Islands (Ford et al. 1982). The Pribilof anal y-
sis indicated that the effects of oil spills on mrtality of nestling birds had a
relatively mnor long-term effect on population sizes and recovery rates as conpared
with adult mortality. W therefore sinplified the model approach to consider only
adult mortality. While sacrificing sone elegance and fine-scale resolution, this
approach is mre appropriate for systens in which relatively few data on reproduc-
tive and denographic parameters of species in specific colonies are available. In
addition, we use a rectangular coordinate systemto mdel the spatial distributions
of the birds rather than the polar coordinate system enployed in the Pribilof model.
This change was required by the greater conplexity of the Kodiak and mainland
coastlines and the larger nunber of spatially separated colonies that we considered.

The Kodi ak model is based upon 12 paraneters, which represent three categories:
(1) input paranmeters for which we have a reasonabl e empirical basis for their
values, (2) input values for which we have little or no enpirical basis for their
estimation and that are part of the Mnte Carlo analysis, and (3) values based upon
intermediate calculations within the mdel itself. These paraneters may be defined

as foll ows:

Category |.--Enpirical |nput Values
Cj The popul ation size of a species in colony j.
S Flight speed (kmrei™l).
A The area of sector i (km?).
A5 The area of sector i covered by an oil spill (k).
L Dayl ength (rein).

The mean nunber of birds fromcolony j in sector i, where i is a 20 kmx
20 km block defined in rectangular coordinates.

—
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Category 2.--Mnte Carlo |nput Values

T Mean trip time (rein).

P The probability per minute that foraging in a spill region will lead to
fatal spill contact (rei"l)

T The time required for an area depleted of birds by spill nortality to

return to an equilibrium density of birds.

Category 3. --Internally Calculated Paraneters

0 The distance fromcolony j to the midpoint on sector i (km.
] The tine spent by birds from colony j foraging in sector i (rein).
P The nortality suffered by colony j in sector i (birds day-1).

Qur nodeling approach is based on the follow ng major assunptions:

Assunption |.--There exists a foraging distribution of birds at any time that is
in a state of “equilibrium” This neans that although individuals may shift the
focus of the activities fromday to day, the density of birds renmains constant
within a given area. The Pribilof nodel makes a simlar assunption, except that the
equilibrium level is determned by the relation between the “food supply” and the
absol ute nunber of birds, and when perturbations occur that bal ance is used to read-
just the foraging distribution. In the Kodiak model, equilibriumis determned only
by the proportion of a given colony that forages in a given sector (see Figs. 2 and
3). Thus, if the population of a colony were to be halved, the equilibrium nunber
foraging in all sectors would simlarly be halved. This means that we do not take
into account density-dependent depletion of food supply, as was done in the Pribilof
nodel .  The problems with the conplexity of the Kodiak area and the data base
however, preclude that sort of analysis in the Kodiak system

Assunption 2. --The equilibrium proportions of birds in the sectors are constant
intime. This, of course, is patently absurd, but it should not affect estimtes of
nean nortality rates. It does, however, significantly lower estimtes of the
variability in kill rates, which are of considerable inportance. The available data
base woul d need to include far mre replication of transects within blocks than it
does, or alternatively some sort of a priori stratification (zonation) schene woul d
be necessary in order to relieve us of this assunption.

Assunption 3.--Birds forage throughout the daytime period.

Assunmption 4.--Birds fly in straight-line flight between the colony and their
foraging areas. This is a conservative assunption, as it inplies that the birds
spend the maximum proportion of their time in areas in which they are vulnerable to
oil spills

Assunption 5.--The probability of fatal oil contact is constant per unit tine
while foraging in the area of the spill.

Addi tional assunptions will be discussed where appropriate in the follow ng
narrative

Assuming linear flight to and fromcolony | to the foraging area i, the nean
tinme spent per day foraging ini by birds fromj is:

‘ij (T - 2Diz/s) (L/T)
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where the first term T - 2Di;/s, is the tine spent foraging per trip, and L/T is

the nunber of trips per day. The expected time spent in a spill is the product of
“ij and the proportion of i that is covered by the spill, 4j/Aj. The probability
of" death per day for birds fromj utilizing i is:

(1 - o) exp (Fi3a5/41)

The total nunber of birds from| dying in i per day is the product of the probabi-
lity of death per day and the nunber of birds utilizing i. The nunber of individua
birds utilizing i wll be greater than Nij because each individual spends only part
of its time in i, and the remainder in transit between j and i. The nunber of indi-
viduals is estimated as Nj;T/(T - 2Di;/8). Thus, if the observed density was 300
birds, trip time was 200 mh, and (T - 2035/8) was 10, the nunber of individuals
utilizing i would be 600 birds

Total expected mortality is then the product of the daily probability of death
and the number of birds at risk:
‘] = (1 -p) [exp (FijAi/a3) INg4T/(T - 2D34/8) .
The new density in i is thus Nij-Mjj, and the new colony size is ¢;_¢ Mj. The
following day Mj is reset, assunming that at equilibrium the proport|on of j that is
utilizing i is the same as that prior to the perturbation. Equilibriumis not
achieved in only 1 day, however, but rather roves a fraction (1/t) of the distance
fromthe perturbed value to the equilibriumvalue. Each day, the total mortality is
assessed as 33, -

i

In order to use this nmodel to estimte the mortality of breeding birds that
m ght be expected froma given oil spill scenario, initial estimtes of paraneter
val ues mst be obtained. In our application of this model to the Kodiak kittiwake
and puffin populations, this was acconplished as follows.

Cs -~ Colony size estimates were based on the values reported in the Alaskan
Seabird Col ony Catal og (sowles et al. 1978). These were conbined to give a tota
“col ony” value when several nearby colonies were grouped together in our analysis
(see Fig. 1 and Table 1).

S - Flight speeds were based upon estimates mde by Ford and Hei nemann on St
Paul Island in the Privilofs in 1978 (Wiens et al. 1979a, Ford et al. 1982).

Al - Sector areas were based upon the gridding scheme that we adopted for this
analysis. As each sector was 20 km x 20 km its area equal ed 40 kni.

L - Average daylength was assuned to be 900 min; this value was al so used in our
earlier analyses (Wens et al. 1979a, Ford et al. 1982).

“ii - The procedures used to calculate the densities of birds at sea from tran-
sect survey results were described in detail previously (Wens et al. 1980) . The
values obtained in the earlier analysis, which was based upon 10 km x 10 km sectors,
were converted to the appropriate values for the 20 kmx 20 km sectors used in the
present analyses. It was al so necessary, however, to estimate the proportion of the
birds in each sector that originated from each colony. The estimation of colony-
specific foraging distributions was based on the assunption that a given area of
water will be donminated by the nearest colony, and that individuals will move the
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shortest possible distance to their foraging site. As noted above, mninization of
flight time is a conservative assunption. W begin with the estimted val ues of

Nl and C. An increnental group of birds (i.e. 100) is “released” from each

col ony. Each group roves to the nearest unoccupied sector relative to its colony.
This process is iterated until a given sector is filled (that is, when the sum of
the increments is equal to Ni, the estimated density of birds in the sector). At
the next step, the incremental flight of birds is directed to the next nearest
sector; this procedure is repeated until all the sectors are filled to their
observed densities. The col ony-specific foraging distributions generated for each
species in this mnner are depicted in Figs. 2 and 3).

This approach thus assigns proportions of birds froma colony to sectors in such
a way that individual transit tinme is mnimzed. This procedure tends to bhias the
results in the direction of higher nortalities, as birds will spend mre of their
time foraging (and thus potentially vulnerable to spill contact) than in transit.

A - The area of a sector covered by a spill in a given scenario was derived
fromthe results of the spill trajectory analysis, which is described bel ow

T - Although some data on trip times of individuals from nest sites to foraging
areas and back were available for both Tufted Puffins and Bl ack-|egged Kittiwakes
fromthe Sitkalidik Strait colony, we wereunable to use them CQur estimtes of
time spent noving between colonies and foraging areas based upon the distributiona
data indicated mniml transit times that were 2-3 tines greater than the total trip
times observed for both species. W therefore concluded that these data were not
representative, and based our estimtes of trip times on our experience on the
Pribilof Islands. Using estimates of nean mnimal transit times, we assuned that
birds spent 30-70% of their foraging trips in transit; we used 50% as our best
approxi mate ion.

For this input parameter (and for p and -c), however, we do not have a firm
enpirical base from which to estimate values. This does not mean that we know
nothing about them but it does inply that what we do know is perhaps best described
as an “educated guess.” There are several alternative approaches to dealing with
this uncertainty. First, we could sinply make our “best guess” for a paraneter
value, and use that. This has the disadvantage that we |ose sight of the potential
variability in the outcone due to our uncertainty, and it thus ignores the problem
of sensitivity. Another approach would be to estinmate the upper and lower linmts of
possi bl e values for the parameter. The nodel could then be run repeatedly (Mnte
Carloed) using different paraneter values selected froma uniformdistribution of
possi bl e val ues, where the endpoints of the uniform distribution are defined by the
upper and lower limts of our guesses. This technique is an inprovement in that it
does not mask the variability in the outcone due to uncertainty, but it perhaps has
the disadvantage of overenphasizing the extreme possible values. CQur approach is to
use a triangular (“house top”) probability density function in which the peak is the
“best guess” and the endpoints are the estimted maxi num and m ni num par anet er
values (Fig. 4). This approach preserves the potential variability in the estimted
parameter values without loosing sight of the fact that, by definition, the “best
guess” is the most |ikely value. Thus, in determning values for trip tine, we con-
ducted Monte Carlo runs using a house-top distribution in which the range of reaso-
nabl e values (30-70% of the mean transit tine) defined the endpoints of the
distribution and 50% of the nmean transit tinme was the rode.

P - The probability of fatal spill contact per minute was varied in the sane

manner as T, using 0.0 and 0.00264 as the range and 0.002 as the ™best guess.”
These val ues were based upon the analyses of Wens et al. (1979a).
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1 - Values for this parameter were also estinmated using Mnte Carlo procedures
Time to equilibriumwas estimated to range between 1 and 10 days, with 5 days being
the “best guess" (Wens et al. 1979a).

Spill trajectories.--~Model runs were made using output from the USGS spill tra-
jectory mdel (W Samuels, pers. comm.). Spill trajectories were provided in the
form of point locations at 3-h tinme steps, starting from four different spill launch
points distributed evenly through the lease tract on a north-south gradient (Fig
5)* The trajectory mdel is stochastic, so we used 10 sanple trajectories per
| aunch point. Because wind and current vectors vary on a seasonal basis, we used
two sets of trajectories, one for spring and another for summer. Thus, there were 4
(launch points ) x 2 (seasons) = 8 scenarios. For each [aunch point-season scenario,
there were 10 trajectories sinulated.

W assuned that each spill was a circular area of 50 knR; this defined the para-
meter value for Af, the area of sector i covered by a spill. Spills were assuned to
persist w thout change wntil they hit |and, moved beyond the geographic linmts of
the model, or had been in existence for 30 days.

To evaluate the sensitivity of the model to our estimates of the values of the
paraneters T, p, and 1, we also varied these in a Mnte Carlo fashion. For each of
the 80 (4 x 2 x 10) trajectories, we made five mdel runs using different val ues of
T, p, and r that were selected at random fromthe previously described distributions
of paraneter values. Thus, each |aunch point-season scenario entailed a total of 10
x 5 = 50 sinulation runs. Each of the frequency distributions that we present bel ow
(Figs. 6 and 7) is this based upon five versions of 10 possible trajectories.

D. Results

The estimated mrtality of adults acconpanying each of the spill scenarios
depicted in Fig. 5is given in Tables 2 and 3. Several features are apparent.
First, the nortality rates are generally quite low, usually less than 1% of the
birds estimated to be present at a colony. Second, nortality of Tufted Puffins is
generally greater than that of Black-legged Kittiwakes for a given spill scenario.
This is a consequence of the differences in the foraging distributions of the spe-
cies, as kittiwakes forage over a border area about a colony (Figs. 2 and 3), and
the probability of individual encounter with oil in a restricted spill is thus
less for kittiwakes than for puffins. Third, the proportion of a colony suffering
mortality is generally a function of the distance fromthe colony to the spil
| aunch point, but this is influenced in inportant ways by the pattern of foraging
distribution of the birds associated with a colony. Thus, for Tufted Puffins, birds
fromcolony 1 suffer little mortality in any of the spill scenarios, even though two
| aunch points (a10 and All) are not far fromthe colony. Colony 2 is nost strongly
affected by spill Al in spring, while colony 3, located not far away, iS most sen-
sitive to spills originating frompoint A7, especially during sumrer. A glance at
Fig. 2 indicates that these differences are associated with the foraging distribu-
tion patterns assigned to birds from these two colonies. Colony 4, with a foraging
distribution simlar to that of colony 3, is |ikew se mst sensitive to spills from
point A7. Colonies 5 and 6 are nost strongly affected by sumer spills from a3, but
are influenced only slightly less by spring spills fromAf. Colony 7 is by far the
nost sensitive of the puffin colonies, suffering in excess of 10% nortality for
spring and summer spills originating at point A3, and mortality greater than that of
any other colony with spring and sumrer spills from A7 and spring A10 spills. The
wide foraging distribution of birds assigned to this colony (Fig. 2) is at |east
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Table 2. Mean mortality (nunbers of adults killed) of Tufted Puffins by colony
and 0il-spill scenario. Percentages of total colony population are

given in parentheses.

Spi Il Col ony (size)
Scenari o 1 2 3 4 5 6 T
(30,000)_ (12,000) (8,500)_(T7,000) (7,000) {11,500) (6,000)_

A3 12 6 9 T 16 26 650
Spring (0.04) (0.05 (0.11) (0.10) (0.23) (0.23) (10.83)
A3 0 21 54 55 132 218 762
Sumer (0.00) (0.18) (0.64) (0.79) (1.89) (1.90) (12.70)
AT L1 130 149 90 88 1.42 279
Spring (0.14) (L.08) (1.75) (1.29) (1.26) (1.23) (k.65)
AT 2l 88 176 140 40 71 179
Sunmer (0.08) (0.73) (2.071) (2.00) (0.57) (0.62) (2.98)
A o 229 140 46 27 15 19 130
Spring (0.76) (1.17)  (o0.54%)  (0.39) (0.21) (o.17) (2.17)
Al0 120 15 40 39 23 33 76
Sunmer (0.40)  (0.13) (0.4k7)  (0.56) (0.33) (0.29) (1.27)
Al 150 171 42 17 0 10 0
Spring (0.50) (1.43)  (0.49)  (0.24) (0.00) (0.09) (0.00)
Al 348 127 33 3 0 2 0
Summer (1.16) (1.06) (0.39) (o.ok) (0.00) (0.02) (0.00)
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Table 3. Mean mortality (nunbers of adults killed) of Black-legged Kittiwakes by
colony and oil-spill scenario, Percentages of-total col Ony population are
given in parentheses.

Spi l'l Col ony (size)
Scenari o 1 2 3 4 5 ] 6 T 8
(4,000) (3.500) (4,000) (8,500) (40,000) (10,000) (7,000) (7,500)
A3 0 0 1 0 57 138 58 L2
Spring (0.00) (0.00) (0.03) (o0.00) (0.14) (1.38) (0.83) (0.56)
A3 0 0 0 0 144 10 20 20
Sunmer (0.00) (0.00) (0.00) (0.00) (0.36) (1.00) (0.29) (0.27)
AT 0 0 0 0 194 3 0 0
Spring (0.00) (0.00) (0.00) (0.00) (0.48) (0.03) (0.00) (0.00)
A7 2 0 2 5 202 27 8 0
Summer (0.05) (0.00) (0.05) (0.06) (0.51) (o.27) (0.11) (0.00)
A10 0 0 L 22 340 18 0 0
Spring (0.00) (0.00) (0.10) (0.26) (0.85) ({(0.18) (0.00) (0.00)
A10 0 0 0 2 101 8 T 0
Sumer (0.00) (0.00) (0.00) (0.02) (0.25 (0.08) (0.10) (0.00)
Al 1 0 6 134 0 0 0
Spring (0.03), (0.00) (o0.15) (0704) (0.09) (o0.00) (0.00) (0.00)
ml 7 1 1L 8 196 0 0 0
Sunmer (0.18)  (0.03) (0.35) (0.09) (049 (0.00) (0.00) (0.00)
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Fig. 5. Launch points for oil spills (A3-Ail) in relation to the |ocations
of Tufted Puffin (A) and Black-1egged Kittiwake (B) colonies considered
in our analyses.
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partly responsible for these mortality patterns. For Black-1egged Kittiwakes, the
only spill scenarios that effected in excess of 1% mortalilty were spring and sumrer
spills from A3 for colony 6.

These figures relate to the effects of the different spill scenarios on specific
breeding colonies. |If we instead ask what degree of mortality of puffins and kit-
tiwakes fromall of these colonies is associated with each of the spill scenarios,
we find that in only one situation (spring runs of spills fromlaunch point AT on
puffins) is the overall mortality in excess of 1% of the breeding population (Table
4). In general, then, none of these spill scenarios seens to exert a powerful
direct effect on survivorship of breeding birds in these colonies, given the
constraints and assunptions of our modeling approach. One mst remenber, however,
that even small alterations in annual survivorship of adults can affect the age-
structure of a population, and increase its susceptibility to devastating |ong-term
effects of one-time perturbations of greater nmagnitude (Wwiens et al. 1979a, Ford et
al. 1982).

The values presented in Tables 2-4 all represent average nortalities associated
with the 50 runs of each spill scenario. Al though these are instructive in a
general sense, they may be somewhat misleading, in that they do not consider the
fact that the mortality acconpanying some runs may be substantially greater than
that associated with others. In Figs. 6 and 7 we present the frequency distribu-
tions of total nortalities of the two species (summed over all colonies) for the 50
runs of each spill scenario. For sonme (e.g. A3 spring and A7 summer for puffins),
the mortality estimates are wore or less nornally distributed about the nean. For
others, however, the distributions are distinctly skewed. Scenarios AL0 and
(especially) Al exhibit frequency distributions with a preponderance of [ow or
zero-nortality values. Qhers, such as A3 summer and A7 spring, contain a substan-
tial number of individual runs predicting rather high nortalities for each species,
even though the overall average nortalities acconpanying these scenarios are not
especially great (Table 4). Thus, on this basis, we attribute sonmewhat greater
potential inpact to spills originating fromthe areas of points A3 and A7, at |east
sone of the tine.

One inportant source of variation in our estimates of spill-associated mortality
Is that associated with our uncertainty in the values of the parameters T, p, and T,
whi ch were Monte Carloed in our sinulation runs. In an attenpt to assess the pro-
portion of the variance in our estimates of mortality that is associated with this
parameter uncertainty, we conducted an ANOVA of the 50 sinulated runs for each sce-
nario, for each of the two species. Table 5 presents the proportion of the variance
in estimted nortalities attributed to paraneter uncertainty in the nodel. The
apparent inportance of this variation (and thus in the precision with which we esti-
mate the values of T, p, and <) varies considerably, but isseemngly substantia
for spring spills at launch point A3 and summer spills from points AT and All for
puffins, and for spring and sunmer spills from A7 and spring spills from A3 and A1O
for kittiwakes. These are not generally those spill scenarios that accounted for
the greatest proportionate nortality of the species (Table 4), perhaps alleviating
sonewhat our concern about the need for accuracy in the estmation of these parame-
ters. Nonetheless, they my contribute substantially to the variation in our esti-
mates of the nortality potentially associated with given spill events

E.  Discussion

As the mdeling approach we have followed in treating spill-related mortality of
seabirds in the Kodiak systemis a sinplification and extension of that enployed in

619



Table 4. Mean mortality (nunber of adults killed) of Tufted Puffins and Black-

| egged Kittiwakes for all colonies conbined, by spill |aunch point.
Spi |l Tufted Puffin Bl ack-| egged Kittiwake
Oigin Spring Sunmmer Spring Sunmmer
A3 725 347 296 284
(0.88) (0.42) (0.35) (0.45)
AT 991 718 430 245
(1.21) (0.88) (0.51) (0.29)
A10 599 345 386 118
(0.73) (0.42) (0. 46) (0.14)
A1 288 512 145 228
(0.35) (0.62) (0.17) (0.27)

Table 5. Proportion of the variance in number of individuals killed that is
attributable to uncertainty in the nodel paranmeters. See text for

expl anati on.
Spi l'l Tufted Puffin Bl ack-1egged Kittiwake
Scenario
A3 0.46 0.23
Spring
A3 0.15 0.11
Sunmer
AT 0.11 O35
Spring
AT 0.24 0.39
Sunmmer
AlO 0.13 0.33
Spring
A10 0.04 0.05
Sunmer
All 0.17 0.07
Spring
a1l 0.29 0.12
Sunmer
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our earlier analysis of the Pribilof Islands system it seems appropriate to conpare
the nodels and their results. The model we devel oped for the Pribilofs coul d al nost
be considered an art form in that it represented an attenpt to portray the actual
form of biological patterns, and incorporated a good deal of elegance. The slimess
of the data base from Kodi ak for many of the parameters of that mdel precluded its
direct application to the Kodiak system and therefore a sinplified nodeling
approach was necessary. In a sense, however, the Pribilof nodel represented a
necessary ontogenetic stage in our modeling devel opment, as we were able to enploy
the results of analyses using that nodel to determne which functions could be

di spensed with or mdified considerably with mnimal effects on the overall model
predictions. It was on the basis of the privilef results, for exanple, that we felt
justified in omtting the chick growth/survivorship features of the Pribilof node

in developing the Kodiak nodel. W thus assumed that chick mortality results from
adul t mortality, not from food deficiency of the young. Gven these and other
sinplifying assunptions that we have made in its devel opment (see above), the Kodiak
nmodel seems to provide a reasonable approach to producing general projections of the
nortality that mght acconpany specific spill scenarios, although it l|acks sone of
the biological richness of the Privilof npdel. Both approaches, of course, are
constrained by our inability to verify the nodel estimations directly, by conparing
nmodel projections against the nortality patterns acconmpanying actual spills. Unti
controlled spill experinments and attendant monitorings of the accompanying mor-
talilty of marine birds are undertaken, our projections nust remain in the realm of
educated (albeit sophisticated) guesses.

PART 11. ASSESSING THE SENSITIVITY OF MARINE BIRDS TO AL SPILLS:
| NFORMATI ON GAPS AND PRI ORI Tl ES

A, Introduction

Industralized societies are demonstrating an increasing dependence on and demand
for petroleum As these demands grow, it is inevitable that perturbations of the
marine systens that are used for producing or transporting petroleumw || increase
in frequency and mgnitude. As such seepages, spills, blowouts, wecks, and the
like are likely to have major repercussions on the biota of marine systems, it is
imperative that we be able to predict their consequences and plan petroleumrelated
activities and devel opnent accordingly. Unfortunately, at present we seem largely
restricted to after-the-fact assessments of danage once the perturbations have
occurred, and while these may |lead to some understanding of the dynamcs and con-
sequences of oil pollution in oceanic systens, they do not provide nuch guidance in
devel opi ng means to mnimze such effects.

V¥ have recently attenpted to approach the problem of predicting the effects of
petroleumrel ated perturbations on colonially breeding marine birds through the
devel opment of mathematical models (Ford et al. 1982). This exercise led us to con-
sider the existing information on mrine birds, their activities, and their resour-
ces from a perspective that is not commnplace. In the process, we becane aware of
gaps in the available information, sanpling problens, and inefficiencies in the
approach of most studies of marine birds that severely constrained our attenpts to
structure realistic and intelligent models. Because we believe that these problens
are likely to thwart any attenpts to develop a priori means of assessing petroleum-
related perturbation effects, and because some of the problens and deficiencies
m ght be reduced if field investigations were more cogni zant of them we believe
that a discussion of the difficulties that we have encountered is warranted. In
this paper we will briefly describe our nodeling approach, indicate the sorts of
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data that are required in the nodel structure and the problens associated with
obtaining reliable information on each, and assign provisional priorities to our
i nformation needs.

B. Mdel Structure

The mdels we have devel oped (Ford et al. 1982, Part | of this report) predict
the mortality that mght be expected in colonially breeding seabirds (nmurres, puf-
fins, and kittiwakes) if a portion of the ocean area about the breeding colony were

to experience a pollution event (a spill, in the exanples we have considered). Such
nortality may be of two kinds: direct mortality of adults caused by their encounter
with the spill, and indirect mortality of offspring caused by the death of their

parent (s) or by dimnished growth, a consequence of the redistribution of foraging
birds away from the spill area and the acconpanying decrease in their rate of food
delivery to the young. These mortality effects are expressed through the operation
of a denographi ¢ submodel, Which projects the nunber of individuals present in

each of several age classes of a population at any point in time as a consequence of
immigration, reproduction, emgration, growth, and mortality. Survivorship of the
young i s modeled as a function of the food (energy) delivery rate of the adults in
relation to the energy demands of the chicks at given phases of their growh.

Food delivery rates and direct mortality via spill encounter by adults are pro-
jected through a foragi ng submodel. Thi S submodel derives a distribution of birds
fromthe population in the ocean area about the colony by considering daily movement
patterns of foraging birds in relation to projected resource |evels in various
areas. Using optimality assunptions, we presume that birds will forage so as to
mnimze the length of time spent in foraging trips (trip time). Trip time my then
be considered as a function of the distance from the colony to the foraging area,
flight speed, the rateof food capture while foraging, and the overall energy
demands (adult + young) that must be satisfied on a daily basis. Breeding indivi-
dual s thus nust obtain more food while foraging than adults w thout young, as they
nust bal ance both their own and their chicks’ energy demands. Food capture rate is
assunmed to decline with increasing density of birds present in an area, as greater
densities should lead to either localized depletion of food resources or inter-
ference, increasing the birds’ search tine. The spatial distribution of individuals
at sea under conditions of optinmal foraging (mninmal trip tinme) should thus reflect
a conprom se between seeking out areas of high resource abundance and avoiding areas
of high densities of foraging birds.

The effects of oil spill preturbations are then modeled by effecting a reduction
in food supply and a proportionate direct nortality of adults in areas affected by

the spill. Birds that do not suffer direct nortality nust shift their foraging to
other areas, and because the previous distribution was defined as optimal, this
shift will lead to a reduction in foraging efficiency (greater costs of foraging

associated with reduced prey capture rates in the new area) and an increase in trip
time. This, inturn, wll reduce the rate of food delivery to the young, affecting
their growth rate and leading to nortality of the young if the growth rate falls
bel ow survival |evels.

These submodels predict the short-term consequences of a specified perturbation
for populations of breeding seabirds. Because the perturbation effects nortality of
i ndividuals, however, there will in addition be long-term results, as the nortality
will reduce population density and alter the age structure of the population. In

624



anot her mdel, we evaluate these long-termeffects by using the mortality rates pro-
jected fromthe short-termmdel as inputs to a sinple set of popul ation dynam cs
algorithns. Gven information on the age-dependence and density-dependence of
fecundity, mortality, and emgration and inmgration rates in an unperturbed

popul ation, we can project the length of time required for a population to return to
an equilibrium age structure and size follow ng a spill event, or the magnitude of
perturbation beyond which the population in unlikely to be able to recover and wll
suffer local extinction

c. Information Needs

Thi s mpdeling approach provides general predictions of the likely response of
marine bird colonies to perturbations in the oceanic areas about the colony. The
model s are built upon details of the biology of the species, and as such, they are
realistic and potentially quite useful. The predictions that emerge however, are
limted in their accuracy by the levels of precision and accuracy of our know edge
of the basic biological parameters on which the nodels are founded. Unfortunately,
there are some dismaying gaps in our know edge of these systens, and sone problens
in the use of the information that does exist. These indicate that conventional
field studies of marine birds have not addressed sone inportant aspects of seabird
biology and have perhaps addressed others incorrectly. W therefore discuss the
information requirenments of our modeling approach and the status of the infornmation
that is available to fill our needs. In Table 6 we summarize the status of
available information for the critical nodel paraneters for two Al askan situations
that we have nodeled, and for the seabird literature in general

Table 6. Estimations of the quality and availability of data for various paraneters
of seabird biology required to model the sensitivity of populations to oil
spills, and an inportance rank (research priority) for each.

Quality of Data’ | nport ance
Par anet er Pribilof |slands Kodiak Island In literature rank?
Popul ation (col ony)
si ze 3 2 1-3 3
Time of occupancy 3 2 1-4 1
Popul ation age
structure and %
breedi ng 1 0 0-2 2
At-sea densities 2 1 1 3
Food availability in
foragi ng areas 1 0 0-1 2
Reproductive phenology 4 3 2-4 1
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Table 6 conti nued

Quality of Data [ nportance
Par amet er Pribilof |slands Kodiak Island In literature rankP
Reproductive success 4 3 1-4 1
Chick growth rate 4 3 0-4 1
Body wei ght 4 4 2-3 1
Probability of death
on spill encounter 0 0 1 3
Age-specific fecundity
and survivorship 0 0 1-2 3
Foraging trip time 2 1 0-2 3
Foraging activity budget
and flight path 0 0 0 2
Perturbation tracking 0 0 0 3
Met abolic rate 0 0 2 1
Thermoneutral zone 0 0 1 1
Di gestive efficiency 0 0 1 1
Chick growth efficiency 0 0 1 1
Foraging (flight) cost 0 0 1 2
Flight speed 2 0 2 1
Food load size 2 0 0-2 1
Chick response to
food deprivation 1 0 0 2
Foraging rate as a
function of resource
dens ity 0 0 0 3
Gl spill dynamcs 0 1 1 2
Changes in food
availability due to
perturbation 0 0 0 3
0 = absent, 1 = poor, 2 = mrginal, 3 = good, 4 = excellent

b1 =]ow 2= internediate, 3 = high
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1. Popul ation Paraneters

Popul ation size and density---1n order to initiate any consideration of the
possi bl e 1mpacts of oil devel opnent on colonially breeding seabirds, it iS necessary
to know the size of the colony, when it is occupied, the age structure of the popu-
lation (especially the proportion of the population that is actually involved in
breeding activities), the density of birds at sea in defined areas, and the tenpora
variations in this at-sea distribution. General approximations of the sizes of
breedi ng col oni es have been devel oped for some areas (e.g. Sowles et al. 1978, U S.
Fish and Wldlife Service 1980), and these often provide a workable estimte of
colony size. For many of the species, these estimates are derived from “cliff
counts,” in which the nunber of individuals of a species occupying breeding sites on
a designated area of cliff-face is counted directly or from photographs, and that
count extrapolated to the total area of cliff-face available in an area. Such
sanpling “is rarely done in a systematic fashion, however, and there may be substan-
tial errors involved in extrapolating froma few counts to a total colony estimate
because of the difficulty of assessing the total area of suitable cliff habitat that
Is available to the birds or that is actually occupied by the colony (see Lloyd
1975) . Further, such cliff counts cannot be used to obtain accurate estimtes of
the densities of burrow- or crevice-nesting species (e.g. stormpetrels, auklets,
puffins, gquillemots).

If cliff counts are taken frequently, they may provide information on the seas-

onal flux of colony size, but generally this is not done. Thus, the initial arri-
val s and departures of birds at the colony at the onset and termnation of the
breedi ng season are often m ssed because observers are present only during the peak
of breeding activities. In our modeling exercises, we have been forced to assune
that no birds are present in the area prior to the onset of inmgration to the
colony in the spring or following the conpletion of emgration in |ate sumrer, an
assunption we know to be false for sone species. W have also assuned that the
immgration and emgration rates are constant between initiation and conpletion of
these phases, and that the population size remains unchanged during the period bet-
ween the conpletion of inmgration and the initiation of emgration. diff counts
conducted on the Privilof |slands by S.D.L. Causey-Siegel and R Squi bb (pers. comm.)
suggest that the rate of arrival of birds during inmmgration my i ndeed be relati-
vely constant, but otherw se we have no data available to test these assunptions for
the seabird systems we have studied

In order to estimate the potential reproductive output of a colony and the way
inwhich it my be affected by perturbations, information on the proportion of the
popul ation that is actually breeding is required. In mst seabird species matura-
tion is delayed, and a proportion of the birds using the waters adjacent to colonies
may not be reproductively active. In some species, age-dependent plumage changes
provide a way to index population age structure and at |east separate subadult indi-
viduals from adults. |n other species, however, plumage does not differentiate age
cl asses; moreover, @ Significant portion of adult birds my not participate in
breeding in a given year, for various reasons. Age-structure data were not
available for any of the Al askan populations that we studied (Table 1). Such data
are avail able, however, for Atlantic popul ations of mrres and Bl ack-|egged
Kittiwakes (Tuck 1961, Coulson and Wl ler 1976, Birkhead 1977, Wller and Coulson

1977) . These can be used as estimates of the values for the A askan popul ations
al though the only justification for doing this is that the data relate to the same
species that we studied. Interpopulational differences in other paraneters,

however, cast doubt on the precision of this procedure (see below). Unfortunately,
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information on the age structure or breeding status of individuals in Populations IS
difficult to obtain, usually requiring marking studies. Resightings of marked indi-
vidual s at sea are not likely to be obtained in sufficient quantity to permt

anything beyond a coarse estimate of the proportion of the at-sea population that is

affiliated with a breeding colony.

At the foundation of any attenpt to predict perturbation inpacts on marine birds
is an accurate know edge of the distributions of the populations at sea, as this wll
i nfluence the liklihood that birds will encounter a spill in a given area.

Consi derabl e effort has been devoted to determining the distributional patterns of
marine birds at sea (e.g. Summerhayes et al. 197k, Brown et al. 197'5, Lensink and
Bartonek 19’76, Lensink et al. 1976, Gould 1977, Harrison 1977, Lensink et al. 1978,
Nettl eship and Gaston 1978, Pocklington 1979, Brown 1980, Hunt et al. in press).
CGeneral ly, these estimtes are derived from shipboard or aerial transects that are
run through specified areas. As such, the procedures suffer fromall of the
problenms that are inherent in |ine transect population census nethods (Wens et

al . 1978b, Burnham et al. 1980), which are aggravated by the fact that novenents of
the ship or aircraft are not generally linear and thus determ nation of the area
actual ly sanpled by a transect is subject to error. Qur analysis of transect den-
sities derived fromaerial and ship transects in the Kodiak region of the Qulf of

Al aska (wiens et al. 1980) indicate that the probability of detecting no birds is
always greater for aerial transects than for ship transects, and that for most spe-
cies the mean/variance ratio is consistently higher for the aerial transects. These
di screpanci es hinder attenpts to conbine aerial and ship transects in any straight-
forward manner, although if both types of transects areavailable for sone areas one
may be standardized against the other to obtain at |east relative consistency.

Qbservation conditions (e.g. visibility, attentiveness of observers) also my
vary substantially anmong transects. |If one adds to this the between-observer
variation that is inevitable when many different individuals record observations on
different transects, the variability attributable to sanpling error of the transect
counts becones substantial, Further variation is introduced because the area of
concern about breeding colonies is usually far too large to pernmt adequate sanpling
of the entire region in a short period of time. Surveys are often taken on an
opportunistic basis as ship-tine becones available, and sone areas my be surveyed
frequently while others receive little or no attention. In particular, close
i nshore areas my be negl ected because ships generally avoid them such areas,
however, may be inportant foraging zones for many of the |ess pelagic colonia
seabirds (e.g. guillemots, gl aucous-wi nged gulls, terns, cornorants). Thus, even in
i ntensive studies such as those that are part of the OCSEAP, censusing is unevenly
distributed over areas of ocean and through tine.

The censuses that are available for estimation of at-sea densities thus exhibit
substantial heterogeneity in time, area, and method of sanpling. As a consequence
sone degree of pooling of transect sanples over space and tine iS necessary, and
this inevitably is acconpanied by a loss of resolution in the at-sea density distri-
bution patterns that emerge. In our analysis of the perturbation sensitivity of
popul ations breeding at several colonies on Kodiak Island, we were conpelled to com
bi ne survey data collected at different times of year to produce overall annual den-
sity distribution patterns in spite of our know edge that the pattern varied
consi derably during the year. Spatially, the frequency of surveys taken in the
maj or ocean areas about the island was sufficient to permt us to consider distribu-
tions in 10 kmx 10 km bl ocks, although we found it necessary to devel op means of
wei ghting the density estimates in relation to the nunber and location of transects
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run through a given area (wiens et al. 1980). Even ‘with such broad |unping of tran-
sect data, however, some critical portions of time and space were still not repre-
sented, necessitating extrapolations to derive density/distribution estimates.

Information on the at-sea distributional patterns of mrine birds is thus con-
founded by variability. Some of this is a consequence of the methods and observers,
some a result of the patchy distribution of sanpling effort in different areas at
different times. Mst of the variation, however, is due to the birds themselves.
Many species are distributed in a distinctly aggregated fashion, presumably in
response to oceanographic and/or resource conditions. Densities of a given species
may vary over 3-4 orders of magnitude during time intervals of hours or days and
di stances of only 5-10 km As a consequence, the frequency distributions of transet
densities are extraordinarily skewed--very |ow densities per transect are mst com
non, but densities orders of mgnitude higher occur with regularity. This neans
that standard statistical approaches to establishing confidence limts to the den-
sity estimates for given blocks of ocean or for testing for differences in den-
sities between areas are invalid unless sanple sizes are exremely |arge (which, as
noted above, they generally are not). 1In our work with seabird distributions in
Al askan waters, we were conpelled to develop new statistical procedures for esti-
mating confidence limts, based upon the gamma distribution (Wwiens et al. 1980, Ford
and Quails ma). Qur applications of this procedure to the transect density estinma-
tes for the areas adjacent to Kodiak Island (enploying coarser 20 km x 20 km bl ocks
of area and conbining surveys over the year) indicated that our confidence in any
estimtes of Kodiak area seabird densities is quite low There are two basic
problems. First, within the area we considered (approximately 90,000 k), only
3-6%of the area was sanpled with sufficient intensity to provide any estinate of
density confidence limts, despite our generous |unping procedures. Second, if a
bl ock was sanpled sufficiently to provide confidence intervals, only 30-80$% of these
bl ocks (depending on species) yielded confidence limts such that the observed nean
density and the upper confidence limts were within an order of magnitude of each
other. The problem was nost severe with shearwaters because of their highly skewed
abundance distributions in the transects, but the more inportant foraging areas
appeared to show more severely skewed distributions for all species, so that our
confidence in the density estimates was often | owest where it was most inmportant.
These conclusions are quite discouraging, especially when one considers the fact
that we were enploying data sets generated in a rather mssive transect sanpling
progr am {OCSEAP).

Reproduction and survivorship. --Cperation of nmodels to assess the proxinate
effects of perturbations on populations and the Iong-term effects on the recovery or
persi stence of the population requires a variety of denographic data. Fortunately,
sone aspects of the reproductive biology of populations are easily studied and are
often included in conventional breeding biology investigations. Qher paraneters,
however, are difficult to measure or are generally ignored in seabird studies. Qur
model i ng exerci ses suggest that some of these my be critical to predicting the
popul ati on consequences of perturbations.

Perhaps the most readily available data concern the timng of reproduction in
the populations occupying a given colony. [If a colony has received any on-site
study at all, it is likely that information on the onset of incubation, the distri-
bution of breeding attenpts anong individuals in the population, the mean and
variance of hatching dates, and the timng of fledging of young will be available,
at least in the formof coarse phonol ogical measures. \Wen colonies do receive
close study, aspects of reproductive success are often a primary focus, and thus
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data on the average hatching success of eggs laid and the average fledging success
of young hatched are frequently available, perhaps acconpanied by variance neasures
for these paraneters. These data are nost easily obtained for open-nesting spe-
cies, can be gathered with considerable effort for cavity or burrow nesters (e.g
Hunt et al. in press), and are extrenmely difficult to obtain for species that nest
in deep crevices. Information on the breeding success of populations is thus likely
to vary substantially among species. (oviously, accurate information on both the
timng and success of reproductive efforts in |ocal populations under “normal” con-
ditions is essential if we are to predict the effects of perturbations occurring at
various times through the breeding season with any degree of accuracy.

In one of the mdels we devel oped (Ford et al. 1982), indirect mortality of
young in response to an oil spill is effected by a reduction in the rate at which
adults deliver food to them and thence in the rate at which.the young grow. In
order to assess such effects, we mst know how young grow under nornmal circunstan-
ces. Gowh studies have been especially fashionable in seabirds because their pat-
terns and rates of growth and maturation differ so markedly fromthe typica
passerine patterns (e.g. Ricklefs 1973, 1979), and there is thus a mderate amount
of information available in the literature. Gowh rates my therefore be available
for mst of the species at a given colony, although colony- or area-specific growh
rates for the populations are likely to be available only if populations in the area
have been subjected to intensive breeding-biology studies. Between-colony or
bet ween-year differences in growh rates of chicks of a given species may sonetimes
be substantial (e.g. Mahoney and Threlfall 1981, Hunt et al. in press). |In addi-
tion, the disparity among species of different nesting habits noted above is likely
to be even mre extreme for growth data than for success neasures,

Unfortunately, obtaining accurate nmeasures of the reproductive success or chick
growth rates for populations requires fairly intensive field study, especially for
those species nesting in burrows or crevices. The activities of investigators about
the colonies or the nest sites disturbs the breeding birds, and the mre intensive
the studies, the greater this disturbance effect my be. Several studies have docu-
mented the degree to which even moderate | evels of investigator activity about
breedi ng col oni es my depress reproductive success (e.g. Ellison and Cleary 1978,
Tremblay and Ellison 1979, ILenington 1979, Duffy 1979, Ellison 1979). W are thus
confronted with the paradox that the mre effort we put into obtaining really pre-
ci se neasures of reproductive success or chick growh rates, the |ess natural and
accurate those wvalues are |ikely to be.

I nformation on normal body weights of adults is usually (but, regrettably, not
al ways) gathered when collections are mde for dietary studies or other purposes.
Such information is required in any model that attenpts to evaluate perturbation
effects through estimtion of individual or population energy demands (see bel ow).
If energetic analyses are to be enployed to gauge the effects of varying food
delivery rateson chicks, then additional weight data mst be available for eggs,
chicks at hatching, and fledglings. Such data are usually not obtained unless
growh studies are conducted, and even then egg weights are often not recorded

In our models, the sole source of adult nortality acconpanying oil spills is the
direct death of birds that encounter a spill while at sea. W can model the proba-
bility of a bird encountering a spill by relating the at-sea distribution patterns
and the foraging dynamcs of the birds to the specific area occupied by a spill. W
do not know the details of individual behavioral responses to spills or oil slicks
(e.g. attraction vs. repulsion), however, and such behaviors would influence the
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probabilities of spill encounter calculated solely from distributional information.
I'n addition, however, we mst know the probability that a bird encountering a spill
will actually suffer mortality. No direct measures of this parameter are available,
and in our modelling exercises to date we have been forced to estimte values from
descriptions of oiled birds available in the literature (e.g. Bourne et al. 1967,
Bour?e 1968, Hol mes and Cornshaw 1974, Vermeer and Vermeer 1975, King and Sanger
1979) .

The remaining features of reproduction and survivorship that are required relate
to attenpts to translate the proximate, short-term effects of perturbations into
predictions of the |ong-term population consequences of those effects. To do this,
any realistically structured nodel requires information on the patterns of age-
specific fecundity and survivorship in the popul ation, as these arethe basic
features of denmography upon which life-table analyses are built. Moreover, if one
has reason to believe that any degree of density-dependence influences these popula-
tion processes, the mgnitude of these density-dependent effects nust be determ ned.
Such information is difficult to obtain, as it generally requires long-term investi-
gations. A few such studies have been conducted on seabirds in the North Atlantic
(murres, Tuck 1960; Bl ack- legged Kittiwakes, Coulson and White 1959, Coulson and
Wooler 1976, Wooler and Coulson 1977; Gannets, Nel son 1978; Fulmars, Dunnet et al.
1979; Shags, Potts et al. 1980), but no information of this sort exists for any of
the North Pacific breeding species. In the absence of other data, one is tenpted to
apply the information from Atlantic populations to Pacific populations of the sane
species.  For kittiwakes, this is obviously inappropriate, as the fecundity reported
for the two populations differs considerably (Coulson and White 1959, Coulson and
Wl ler 1976, Wooler and Coulson 1977, Wens et al. 1979a), and incorporation of the
Atlantic values into a life-table nodel for the Pacific populations yields rates of
change in population size from current levels that are unrealistic (Wiens et al..
1979a). G ven the mgnitudes of inter- and even intracolony variations in reproduc-
tive paraneters that my occur for many seabirds (e.g. Harris 1980, Mahoney and
Threlfall 1981, Birkhead and Nettleship 1981, #unt et al, in press), such extrapol a-
tions may be generally suspect.

2, Foraging Parameters

The mpdeling approach that we have foll owed places heavy enphasis upon features
of the foraging bevhavior of the birds. This is because birds generally use the
oceanic areas where pollution i S mst likely to occur prinarily for feeding, and as
breeding birds are restricted to using areas within range of the breeding colony,
their options for responding to a perturbation will be rather limted. The key
variable that we have employed in structuring our models is trip tine, which inclu-
des the tinme taken by a foraging adult to travel fromthe colony to a foraging |oca-
tion, the time spent in searching for and capturing prey sufficient to make a | oad
for the return trip, and the tine taken to return to the colony. Information on
trip’ times is rarely gathered in seabird studies (but see Pearson 1968),even in
those that devote considerable effort to docunmenting the various reproductive
parameters (e.g. Birkhead 1977). Wen trip tinme has been determned, it has usually
been obtained fromonly a few individual birds at one colony (or one location within
a colony), on just a few days. The slimess of this data base makes it inpossible
to nodel the tenporal dynamics of foraging patterns wthout naking some assunptions
(e.g. the optimality of foraging; see Norberg 1981), which are largely untested. It
seems surprising that trip time information is often not gathered In association
wi th continuous observations of colony sections (as in some cliff counts) or nest

631



sites. Possibly this is because the inportance of information on trip times has not
general |y been realized.

Qur use of trip time in the models i s based upon two inportant assunptions. One
Is that the allocation of time to activities during a tripis optimal, that is, once
the birds arrive in the foraging area they spend their time foraging at the maxi mum
efficiency in relation to resource availability. This assunption requires testing
and the information that would provide the test is basic activity-budget data taken
frombirds at sea. How mch of the time spent in a foraging area is actually spent
in foraging? How mech is spent “resting” or “loafing”? How does foraging success
rate (and thus the tinme spent in foraging activities] relate to resource density? No
information on any of these aspects of foraging behavior is available for any of the
Al askan popul ations, and data on dive tines and success rates obtained in studies
el sewhere (e.g. Stonehouse 1967, Scott 1973) provi de only part of the requisite
i nformation

The second assunption of our trip tine calculations is that birds use the short-
est, nost direct flight path between the colony and the foraging area at sea.
This, of course, presumes that a foraging individual knows precisely the |ocation of
its destination when it |eaves the colony, and that decisions to change foraging
| ocations are made with little time expenditure in searching for new areas. W& know
very little of the actual flight paths of foraging birds, although radio-tracking of
tagged individuals could supply this information rather easily, at least for those
species that forage relatively close to the col ony.

Wien an area used for foraging by birds froma colony suffers an oil spill, we
expect that the individuals that do not suffer direct nortality fromthe spill will
adjust their foraging distribution to avoid the polluted area. It is unlikely that
this response will be instantaneous, however, as birds that have been foraging in a
traditional feeding area my exhibit sone reluctance to |eave it and forage
el sewhere, especially if the spill is not massive. There will thus be a lag tine in
the response to a spill, and it my require several days for a population to adjust
its at-sea foraging distribution to a new optinum dictated by the perturbation
event. Because no studies of the proximte response of seabird populations to oi
spills have been conducted, information on this “tracking” parameter is conpletely
lacking, and intuition provides relatively little guidance. This is the sort of
parameter that is generally not even defined unless one undertakes a modelingexer-
cise, such as ours

3. Energetic Paraneters

Qur nodeling approach relies upon estimates of the bal ance between the energy
demands of adults and chicks and the availability of energy (food) in various °
foraging areas to project perturbation-related alterations in the foraging patterns
of adults and the growth rates and survival of young. Previous attenpts to node
the energetic patterns of seabird populations (e.g. Wens and Scott 1975, Furness
1978) have fol |l owed the basic procedure of determning individual metabolic energy
demands as they are mdified by various environnental or behavioral factors, con-
verting these to population-wide estimates, and then converting the energy demand
values into estimates of food consunption rates. The derivation of such estimates
I's dependent upon know edge of the values of several basic energetic paraneters, and
these also figure in the energetic cal culations we have enployed in assessing spil
| npact s.
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The foundation of the energetic estimtions is some procedure for deriving the
metabolic rate of individuals on a daily basis, unadjusted for activities such as
foraging. In our earlier mdeling of seabird energetic (wiens and Scott 1975,
Wens et al. 1978a), we used the equations presented by Kendeigh et al. (1977),
whi ch project daily existence energy requirenments for nonpasserines as functions of
body weight, anbient tenperature, and photoperiod. Because it provides estimates of
simlar accuracy but requires less input information, we used the equation of
Aschoff and Pohl (1970) for the daily energy requirenment of a nonactive bird at
thernoneutrality in our mre recent mdels. Such general equations nust be used to
estimate netabolic rates because so few seabirds have been studied directly (but
see Johnson and West 1975). Use of the Aschoff-Pohl equation required that we
establish that the birds we studied were normally at thernoneutrality. This asump-
tion seens justified for seabirds; Johnson and West (1975) reported a lower critica
tenperature for mrres of 4.5°C, and the sea-surface tenperatures recorded in the
Bering Sea during the May-August breeding period rarely fall below that |evel (Wiens
et al, 1978c). Use of this equation instead of the Kendeigh et al. equations also
assunmes that the effects of photoperiod are uninmportant. The influences of photo-
periods at high latitudes on metabolic rates are generally unstudied, although a
series of sensitivity tests we performed on the estimates of seabird energy denmands
derived using the Kendeigh et al. equations indicated that small variations in pho-
toperiod had relatively little effect on the overall energy requirements (wiens et
al. 1978¢). In the absence of species-specific metabolic studies of seabirds, use
of the Aschoff-Pohl equation thus seens justified, although the energy requirenent
estimates derived my not be very precise. As they are used in the nodels primarily
to predict the mgnitude of change accompanying a perturbation, however, their pri-
mary value is as a relative rather than an absolute neasure, and for this they are
probably quite suitable.

The estimates of daily individual energy requirenents derived fromthis (or sone
other) equation nmust be adjusted for several costs in order to determne the actua
energy demands that are placed upon the environment (and that thus will be affected
by alterations in resource availability or energy capture rate associated with
perturbations ). One such cost is that associated with the inefficiency of the
di gestive process; an individual nust consume sonewhat nore food that that dictated
by its metabolicenergy demands al one, as not all of it will be digested and nade
available for netabolic action. For a wide variety of avian species and food types,
di gestive efficiency is close to 70% (Ricklefs 1974). Little direct information is
avai l abl e on the efficiency with which various seabirds process food, although data
from Sooty shearwaters (L. Krasnow, pers. comm.) suggest that birds feeding on fish
and squid may have a digestive efficiency as high as 80%. Beyond this cost, chicks
have the additional cost of converting food input into new tissue during growh
Again, no information on the value of growth efficiency is available for seabird
species, and we nust resort to using the general value of T75% provided by Ricklefs
(1974) .

A basic premse of the approach that we have taken to predicting responses to
perturbations is that a disruption of foraging areas will force feeding birds to fly
farther fromthe colony to obtain food, and that the indirect consequences of the
perturbation will thus be nediated through the increased costs in time and energy
spent in foraging. In terms of energetic, this nmeans that we nust have sonme neans
of adjusting the nonactive netabolic energy requirenments for the additional costs of
activities such as foraging. Unfortunately, little is known of the degree to which
activity el evates energy demands in any birds (King 1973, 1974; Tucker 197h;
Pennycuick 1975, Rayner 1979, Walsberg 1980, Norberg 1981), mch | ess seabirds. In
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previous work with passerine, we have used a value of 0.25 times existence energy
demands to adjust for the additional costs of free-living activity (Wiens and Innis
1974, wiens and Scott 1975). 1In the absence of additional data, a simlar value
woul d seem appropriate for seabirds, although this is really little mre than an
educated guess. This is unfortunate, as foraging costs are distance-dependent, and
thus would seem to be inportant to predicting space-dependent perturbation inpacts.

Qther paraneters, while not specifically energetic, relate to these energy-based
cal culations. Thus, in order to evaluate the additional time costs associated wth
a shift in foraging area acconpanying an oil spill, we mst know the average
straight-line flight speed of each species. Such information is not generally
gathered in colony studies, although it is not especially difficult to obtain. Sonme
estimates for seabirds have been published (e.g. Meinertzhagen 1955) ; in our
nodel ing we used these values, as nodified by our own observations of mrres and
kittiwakes on the Pribilof Islands. Another inportant parameter is |oad size, the
quantity of food (or energy) that an adult carries back to the colony on a foraging
trip to feed the young. This value, conbined with the frequency of feeding trips
per dsy and the energetic features of the young, will determne the growth patterns
of the young and their survivorship probability. For species such as mrres that
carry a single prey itemon each trip, load size my be estinmated by recording the
type and size of prey when it is brought to the young, and then converting to
bi onass or energy by conparison with voucher specinens of the prey types. For spe-
cies that bring mltiple items per trip, or that carry back partially digested food
in the crop or stomach (e.g. auklets, gulls, fulmar), estimation of load size is
much more difficult.

In our nodel (as in nature) , a reduction in food delivery rate to the young is .
reflected by a reduction of their growth rate. At some point this growh reduction
pecomes debilitating and the probability of mortality of the chicks increases dra-
matically. A few studies (e.g. Birkhead 1977, 1978; Harris 1978, Braun and Hunt ms)
have investigated the degree to which growth is reduced under conditions of reduced
food delivery. The effects of such reduced growh rate on survivorship my be
cunul ative: a chick my be able to tolerate a day or two of reduced growth and
still fledge on schedule (albeit at a below average weight), but several successive
days of depressed growth may affect the chick so that fledging weight is abnormally
low or fledging is delayed, decreasing survivorship (but see Hedgren 1981).
Information on the growth dynamcs of seabirds under different food-delivery regines
coul d be obtained fromcarefully controlled feeding trials or deprivation experi-
nments, but few such studies have been conducted.

Finally, in order to assess the foraging dynam cs of birds during the time that
they are present in a foraging area, we should know the food capture rate as a func-
tion of the density or availability of the resource. Wile sone information on the
di ve success rates of foraging seabirds is available (e.g. Scott 1973), this does
not serve to relate the success rates to resource availability (which was not
neasured in these studies). |Indeed, no information of this sort exists for foraging
seabirds. Not only would we require data on prey capture success rates, but on the
resource densities in various areas of the ocean about the colony, the rates of
depl etion of these resources as a function of prey uptake by the birds, and the tem
poral dynam cs of these paraneters.
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4,  Perturbation Paraneters

When the effects of an oil-related perturbation of a marine system are con-
sidered after the fact, determning the physical features of the event (e.g. its
conmposition, size, distribution, duration) is generally rather straightforward and

of high priority. If one instead wishes to predict these effects a priori, deter-
mnation of spill parameters and dynamcs are mch more difficult (see Audunson
1980). In our initial nodeling efforts we devel oped several spill scenarios

arbitrarily, wusing information regarding oil spills available in the literature to
make these fairly realistic. A mch nore accurate and powerful approach involves
using data on ocean current patterns, surface conditions, and wind flows to predict
the “trajectories likely to be followed by surface oil launched (i.e. spilled) froma
specified point at sea. Such a mdel has been devel oped by W Samels and his

col | eagues (pers. comm.). Because the trajectories for any given spill event are
probabilistic, varying with the patterns of currents, wind conditions, and so on, we
have used the spill trajectory mdel to generate spill scenarios for our inpact ana-
| yses by conducting nmultiple spill mdel runs for each |aunch point at a given tinme.
This yields estimates of the probability of spill encounter for various areas

| ocated about the spill source. When combined with the estimations of spill effects
on the birds that are generated from our models, this enables us to predict the
possible effects of a given spill scenario in a probabilistic fashion

Unfortunately, such spill trajectory nodels are available for relatively few ocean
areas, although the Samuels et al. mdel is equipped to analyze spill charac-
teristics for any area for which the requisite measures of physical features of the
ocean area are available. These are mch mre likely to be available than are the
many biol ogi cal parameters that we have di scussed above.

D. DISCUSSION:  PARAMETER PRI ORI TI ES

The approach that we have advocated to generating predictions of the possible
i npacts of oil devel opnents and perturbations upon colonially breeding mrine birds
requires information on a substantial number of paraneters of seabird biology. The
data base available for some of these parameters is reasonably good (Table 6). This
Is especially true of those neasures that pertain directly to the reproductive
biology of individuals, such as clutch sizes, reproductive success, or breeeding
phenology. For mny of the paraneters, however, little or no information is
available, and the preceding text reads |ike an inventory of what we do not know
about seabird biology.

Does this mean that our approach, or any attenpt to predict seabird responses tc
perturbations based on know edge of their biology, is doomed to failure, and that we
nust continue to be content with post facto assessments? Perhaps not. Perhaps
intelligent and reasonably accurate predictions can be generated without precise
know edge of the values of all of the parameters for a given colony. In our
modelling we have often been forced to use general species-specific values of para-
meters rather than popul ation-specific values, and in some instances we have
resorted to approximating values for a species fromliterature values from other
species in other areas in the absence of any nore specific data. For those parane-
ters lacking any sort of quantitative data base, we have derived educated guesses of
“reasonabl e” values from our own intuition or that of other seabird workers.

In an attenpt to justify the use of all these approximations, and to evaluate
the possible effects of errors in their estimtion on the output or predictions of
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our models, We have conducted several sensitivity tests of the parameters and the
model s (Wens et al. 1978c, 1980; Ford et al. 1982). In one exercise, We sSystenati -
cally varied the estimated values of paranmeters relating to the breeding structure
of the popul ation, photoperiod length (as it mght influence daily energy demands),
and the degree to which metabolism is elevated by activity (i.e. foraging). These
sensitivity tests indicated that variations in the first two parameters had relati-
vely minor consequences on the values of mpdel output, but the variations in the
costs of foraging activity over a reasonable range of values produced variations in
nodel output on the order of + 10% (Wens et al. 1978¢).

A more robust and thorough approach to sensitivity analysis involves the use of
Monte Carlo sinulations, in which each of the input variables to the nodel is
simul taneously drawn at random from a specified probability distribution of values
of the variable. W conducted such sensitivity tests on mltiple runs of our model
of seabird dynamics in the Pribilof |slands system (Ford et al. 1982), using mst of
the variables that we have described above. W used variations in the mdel output
val ues of adult survivorship and nunber of chicks fledged as an index of the sen-
sitivity of model predictions to variations in parameter values. Standard errors of
the nodel predictions ranged from 0.03 to 0.21 for nost oil-spill scenarios,
suggesting that our ability to generate predictions of perturbation consequences
using this approach was relatively insensitive to reasonable variations in the
val ues of mst input paraneters. This inplies that general, qualitatively reaso-
nabl e estimtes of values for nmany of the parameters we have discussed my be quite
satisfactory for generating reasonable predictions of perturbation effects.

Three nodel paraneters were not included in these sensitivity tests: the proba-
bility of adult death associated with spill encounter (p), the rate of population
responce (“tracking”) to the occurrence of a spill (t), and the amount of change in
food availability in a foraging area due to a perturbation (A). A separate set of
sensitivity tests in which these parameters were varied over the range of reasonable
values indicated that variations in p produced variations in model output on the
order of + 25%, while simlar variations in the values of 7 altered nodel predic-
tions by as nuch as + 50% large variations in A produced substantial changes in
model output. These parameters (especially 7 and A), then, seemto require sone
accuracy in their estimtion.

O her indications of the relative inportance of various sets of parameters can
begai ned directly from the model output, especially when considered in the context
>f the long-term popul ation consequences of perturbation events. Thus, the likeli-
nood that a perturbation will seriously inpair the capacity of a population to
return to equilibriumis greater if the adult age class rather than the chick age
zlass suffers the greatest mortality. |f chronic, lowlevel pollution reduces
average fecundity and/or survivorship of adults by only a few percent, the ability
>f the popul ation to then recover froma one-tine, large-scale oil spill may be
drastically affected; effects on survivorship are mre inportant than those on
fecundity (Ford et al. 1982). Collectively, these results point to the relatively
zreater inportance of factors influencing survivorship than reproduction or fecun-
iity, and to the relative uninportance of the chicks in conparison to adults.

Overal |, then, our experiences in developing these nodels, in assenbling para-
neter val ues, and in conducting sensitivity tests lead us to define several
rariables as critical to attenpts to generate predictions of oil-spill inmpacts on
narine birds (Table 6). W nay consider these in two priority categories.
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. Internediate priority

A. The breeding structure of the population, in particular the proportion
of the at-sea "pool" of birds that is not breeding and not associated with a given
colony.

B. The foraging pathways of individuals. W have assuned straight-line
flight in our models, but if individuals move about in the foraging areas or take a
wandering course to or from the colony, the proportion of the foraging trip during
which a bird will be vulnerable to spill contact will be dimnished.

c. The metabolic costs associated with foraging activity, especially
flight.

D. The spatial and tenporal patterns of food availability in the areas
about a colony (as these play a major role in setting the distributional patterns of
the birds).

E.  The manners in which changes in food delivery rates to chicks affect the
growth rates and survival probabilities of the chicks

F. The distributional dynamcs of oil spills in specific areas.

11. Hgh priority

A. The size of a breeding col ony.

B. The patterns of at-sea distributions of birds associated with a given
colony under normal conditions, including estimates of their spatial and tenpora
variability.

C. The distribution of trip times of adults foraging under nornal
condi tions.

D. The normal pattern of age-specific survivorship characteristic of a
popul ati on.

E.  The probability that an adult encountering an oil spill wll suffer
nortality.

F. The freguency with which individual nenbers of the population shift
their foraging region, which determnes the rate at which “naive” birds encounter
the spill area.

G The manner in which a spill influences resource availability and thus
the potential rate of prey capture by birds that forage in the spill area

Gathering information on these parameters will not be easy, and it is
di scouraging (although not entirely unexpected) that those paraneters that seem mst
critical to producing accurate predictions are generally the nost difficult to
nmeasure or estimate. Conversely, if we continue to measure With considerable preci-
sion the various paraneters of reproductive biology that are readily obtained in
typical colony studies, this my contribute rather little in our ability to form
predictive nodels of the dynamcs of seabirds and oil spills. It is our hope that
by drawing attention to the relative inportance of these paraneters, and by spe-
cifying those that seem most inportant, individuals or groups involved in seabird
research my redirect some of their efforts to exploring sone of these difficult,
but essential, paraneters
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Phalacrocorax pelagicus

Larus glaucescens

Ri ssa tridactyla

Sterna paradi saea
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Uis lomvia

Lunda cirrhata
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