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Population impacts of endangered short-tailed albatross bycatch in the Alaskan trawl fishery

Abstract

We conducted a decision analysis that explores the effects of trawl-related fisheries mortality on achieving the population recovery goals for the U.S. federally-endangered short-tailed albatross (Phoebastria albatrus), proposed by the U.S. Fish and Wildlife Service. A population model was constructed and its parameters estimated by fitting it to counts of the numbers of albatross chicks and eggs at Torishima Island, Japan, where 83% of the world’s population of this species is found. Bayesian inference was used to assign probabilities to alternative plausible rates of fishing mortality and to conduct population projections with different levels of trawl mortality to determine their effects on achieving the population recovery goals. The analyses of the impact of trawl mortality on the Torishima short-tailed albatross population suggests that exceeding the current expected incidental take in the Alaska groundfish trawl fishery, two in any five year period, by as much as a factor of 10 would have little impact on when the proposed recovery goals for the species are achieved. A quantitative approach that addresses uncertainty such as that outlined in this study could aid the process to evaluate allowable limits in light of species recovery goals by addressing both take limits and recovery goals within the same framework.
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Introduction
Many seabirds are attracted to bait, offal, and discards from fishing vessels (Bartle, 1991), with the result that many thousands can be killed annually by accidental hookings or entanglement in nets and other types of fishing gear (Tasker et al., 2000; Nel and Taylor, 2003). Evidence of seabird bycatch influencing population declines (Weimerskirch et al., 1997; Sagar et al., 2000) has prompted worldwide management actions to reduce bycatch through modification of gear types (Melvin et al., 1999), reduction of attractants (Munro, 2005), and changes in fishing practices (Melvin and Robertson, 2000). 

A range of fishing gear types has been implicated in seabird bycatch, including longlines (Brothers, 1991; Robertson and Gales, 1998; Nel et al., 2002), drift gill nets (DeGange et al., 1993; Osterblom et al., 2002; Uhlmann et al., 2005), and trawls (Bartle, 1991; Weimerskirch et al., 2000; Sullivan et al., 2006). Trawl-related seabird mortality can occur when seabirds flying behind vessels or floating in offal plumes that trail beyond vessels strike the trawl cables (warps) or the sonar cable (third wire) attached to the trawl net (Sullivan et al., 2006). While trawl vessels are thought to pose less of a threat to seabirds than vessels fishing with longline gear (Weimerskirch et al., 2000; but see Sullivan, 2004), observing mortality is more difficult on trawlers because although some birds are captured in the trawl net, birds that hit cables are rarely ensnared in the trawl gear and hauled onboard (Sullivan et al., 2006). Hence, trawl-related seabird mortality is likely underestimated (Weimerskirch et al., 2000; Sullivan et al., 2006). This source of seabird mortality is of concern as approximately 30% of the global annual fishery catch (in tons) is taken by trawl gear (Watson et al., 2006).

The Alaska trawl fishery is a major contributor to global fish production. The Alaskan pollock (Theragra chalcogramma) fishery alone is the world’s second largest fishery by tonnage after the anchoveta (Engraulis ringens)(FAO, 2004). Almost all pollock (99.6% by tonnage in 2004) are caught by trawl gear, and pollock comprise the majority of the total groundfish trawl catch (which includes sable fish Anoplopoma fimbria, Pacific cod Gadus macrocephalus, flatfish Pleuronectes spp. and Atheresthes stomias,and  rockfish Sebastes and Sebastolobus spp., and Atka mackerel Pleurogrammus monopterygius) (NMFS, 2006).  
Tubenose birds (order Procellariiformes), including shearwaters, albatrosses, and petrels, are the most commonly taken seabirds in trawl fisheries in the Southern Ocean (Weimerskirch et al., 2000; Sullivan et al., 2006) and in the North Pacific in the Alaska groundfish trawl fishery, where they comprised 71-82% of the identified birds in the average annual estimated bycatch (918 - 11 292 birds) from 1993 through 2004 (AFSC, 2006). The majority of the birds killed were northern fulmars (Fulmaris glacialis) and shearwaters (Puffinus spp.). However, two Laysan albatross (Phoebastria immutabilis) died after colliding with third wires, and endangered short-tailed albatross (Phoebastria albatrus) have been seen in the vicinity of trawl vessels (Wilson et al., 2004). At present, no short-tailed albatross has been observed interacting with either warps or third wires on trawl vessels.

Short-tailed albatross were federally listed as endangered under the U.S. Endangered Species Act in 2000. The current population is estimated at 2 052 birds, 83% of which breed at Torishima Island, Japan (USFWS, 2005). Prior to their exploitation, approximately 300 000 birds nested on that island. Feather hunting throughout the late 1880s to early 1930s led to their near extinction, and by 1949, there were no known breeding colonies (McDermon and Morgan, 1993). Ten albatross were reported nesting at Torishima in 1951 and, due to protection from hunters and nest site enhancements, the colony had expanded to an estimated 325 pairs by 2005 (Figure 1, H. Hasegawa unpubl. data). However, the Torishima colony is situated on an active volcano, and an eruption is considered the main threat to the full recovery of the species (USFWS, 2005). A second colony of 12 birds was discovered in the Senkaku Islands, Japan, in 1972. This population is not surveyed annually, but is currently estimated at 75 breeding pairs (USFWS, 2005).

Given the small population size, documented interactions between trawl vessels and Laysan albatross (Wilson et al., 2004), and the habitat overlap between short-tailed albatross and the Alaskan trawl fleet (Piatt et al., 2006; Suryan et al., 2006), the U.S. Fish and Wildlife Service (USFWS) and the National Marine Fisheries Service (NMFS) jointly determined that the Alaskan trawl fleets, particularly those using third wires, were likely to “adversely affect” the short-tailed albatross (USFWS, 2003).  If two short-tailed albatross are killed by trawling activity in any five-year period, a formal review process would be initiated with potential results ranging from increasing the incidental take limit to shutting down the fishery (USFWS, 2003). Even temporary closure of the Alaska trawl fishery could have serious economic consequences; in 2004, this fishery had an ex-vessel value of $419.3 million (NMFS, 2005). In spite of the potentially serious economic consequences of albatross bycatch, no quantitative analysis of the effects of fishery mortality on the short-tailed albatross population has been conducted to date.

The USFWS released a draft recovery plan for the short-tailed albatross in December 2005 (USFWS, 2005). For this species to be downgraded to threatened status, the total breeding population needs to be a minimum of 750 pairs, the 3-year running average growth rate of the population needs to be ≥6% for ≥7 years, and at least three successful breeding colonies (≥5 breeding pairs each) must exist, at least two of which must occupy non-volcanic (or extinct volcanic) islands. For the species to be delisted, the total breeding population needs to reach a minimum of 1 000 pairs, the 3-year running average growth rate of the population needs to be ≥6% for ≥7 years, a total of at least 250 breeding pairs must exist on at least two non-volcanic islands, and a minimum of 10% of these (i.e., ≥25 pairs) must occur on a site (or sites) other than the Senkaku Islands (USFWS, 2005).

Our goal was to conduct a decision analysis (Burgman et al., 1994) that determines the effects of Alaskan trawl mortality on achieving USFWS population recovery goals for the short-tailed albatross. We conducted a decision analysis to formally evaluate the consequences of varying levels of trawl mortality given uncertainty in both population vital rates and the relative impact of fisheries, and the Alaskan trawl fleet specifically, on albatross survival. Our objectives were to: (1) construct a stage-based model of the Torishima short-tailed albatross population, (2) use Bayesian inference to assign probabilities to alternative plausible levels of fishing-induced mortality, and (3) conduct population projections with different levels of trawl mortality to determine the effects of such mortality on achieving the population recovery goals. The model developed specifically explores the influence of trawl mortality on the time to achieve the minimum population size and growth rate conditions included in the USFWS draft recovery plan. 

Material and Methods
Basic population dynamics model

A population model, appropriate to the short-tailed albatross, was constructed and the values for its parameters estimated by fitting it to counts of the numbers of albatross chicks and eggs (the latter an index of the number of breeders) at Torishima Island. Annual counts are not available for the small colony at the Senkaku Islands and so this component of the species is ignored. The relatively small size of the Senkaku population  (~17 % of the total) means that analyses related only to the Torishima Island population are adequate to capture the dynamics of the entire species although years in which the population reaches any pre-specified level will be over-estimated slightly. 

The model considers four stages: chicks (C), juveniles (J), adults (A), and breeders (B).  Successfully fledged chicks enter the population as age one juveniles at the end of the breeding season, and juveniles are assumed to recruit to the breeding population at age six (USFWS, 2005). Despite evidence of differences in survival and bycatch rates between females and males for some albatross species (Prince et al., 1992; Croxall et al., 1997), the model does not distinguish between sexes because there is no sex-specific information for short-tailed albatross. Density dependence was not included in the model because the recent population expansion at Torishima Island indicates that density dependence is not limiting growth (USFWS, 2005).  The chick, adult, and breeder stages are modeled as:
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where y indexes the year, and b, 
[image: image5.wmf]A

S

, and 
[image: image6.wmf]J

S

 are  breeding success, adult survival, and juvenile survival, respectively. The number of breeding birds at the colony in any year,
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, is assumed to be 80% of the total number of adults (USFWS, 2005) and the sex-ratio is assumed to be 50:50. The parameter 
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 represents survival from all types of fishing. The impact of fishing is ignored prior to 1976 when industrial fishing increased throughout the North Pacific and the passage of the Magnuson-Stevens Fishery Conservation and Management Act led to a substantial increase in domestic commercial fishing effort in the U.S. Exclusive Economic Zone off Alaska (Darcy and Matlock, 1999). 

Parameters and parameter estimation

The parameters of the model are b, 
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 and the number of breeders in the first year considered in the model (
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 - 1955 is the first year that counts of eggs and chicks are available). The value of 
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 has little impact on the results and was set using the formula:
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where 
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 is the observed number of eggs in 1955. 

Counts of eggs (E) and chicks (C) were the observations used to fit the model (Figure 1). The number of eggs is assumed to be normally distributed around half the number of breeders (i.e. assuming a 50:50 sex-ratio). Therefore, the likelihood function for the data is:
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where 
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 is the observed number of chicks in year y, and 
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 are respectively the sampling standard deviations for chicks and eggs. 

Parameter estimation was accomplished using the Bayesian paradigm. Bayesian inference is the process of fitting a probability model to a set of data and summarizing the result by a joint probability distribution for the parameters, commonly referred to as the posterior distribution (Gelman et al., 2004). In our case, the specific benefit of this was to enable probabilities to be associated with all of the model parameters (Walters and Ludwig, 1994). The Bayesian analysis was implemented using the SIR (sampling-importance-resampling) algorithm (Gelman et al., 2004). SIR was used to draw 1 000 parameter vectors from the posterior distribution.

The distributions of parameters expected a priori for b, 
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, required for use in the Bayesian calculations, were set to N(0.716,0.0422), N(0.957,0.0182), and N(0.932,0.0482), truncated at 1 because short-tailed albatross can produce a maximum of one chick per year and annual survival rates cannot be >1. We chose these priors based on studies of the Amsterdam albatross (Diomedea amsterdamensis), a Southern Ocean species with a small population size that has been increasing in numbers, rather than from studies for other North Pacific albatrosses, whose populations are declining (IUCN 2006, Weimerskirch et al., 1997). The priors for 
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 were selected to be non-informative (proportional to 
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), so that the posterior would be influenced solely by the data. These parameters were not explicitly included in the SIR sampling process; rather, the SIR algorithm was applied to the marginal likelihood obtained by integrating Eqn 3 over the priors for 
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 (Walters and Ludwig, 1994). 

The value for the parameter that determines the (post-1976) survival from fishing,
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, was set to 0.93, 0.95, 0.97, and 0.99. A relative posterior probability was assigned to the four values of
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 using the Bayes Factor (Kass and Raftery, 1995). In principle, a prior (e.g. U[0.90, 0.95]) could have been assigned to 
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, resulting in a single posterior distribution. However, discrete values were selected to better illustrate the population recovery implications of a wide range of trawl bycatch numbers as a function of alternative levels of
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. As volcanic activity itself is not manageable, nor does it occur on a time scale similar to the dynamics that are being modeled, the risk of an eruption causing catastrophic breeding population mortality and reproductive failure was not included in the model. 

Decision analysis

Survival from all types of fishing was treated as a single parameter, 
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, when fitting the population dynamics (i.e., for the years 1955-2005). We adopted this approach because the data could not support partitioning between different types of fishing, such as trawling and non-trawling. What is of interest for the purposes of this study is the effect of trawl mortality specifically. Therefore, to allow trawl mortality to change in the future while keeping the impact of other sources of fishing mortality the same, the population was projected into the future based on an assumption about the fraction of total mortality due to trawling that has occurred in the past.

The population projections were based on parameter vectors drawn randomly from the posterior distributions. Separate sets of projections were conducted for each assumption about survival from fishing (
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 can be considered to consist of two sources of mortality: that from trawling in Alaska (T) and that from all other fishing (O) such that (prior to 2006):
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Thus, the fraction of the mortality due to trawling in Alaska, z, is 
[image: image38.wmf]/()

TTO
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. Projections were conducted under the assumption that the bulk of fisheries mortality of short-tailed albatross in the North Pacific has been due to sources other than trawling off Alaska, because none of the five documented fisheries-caused mortalities of short-tailed albatross occurred on trawl vessels (USFWS, 2005) and because trawl mortality is expected to be lower for seabirds than mortality from other types of fishing gear (Weimerskirch et al., 2000). The specific values chosen for z were 0.01 and 0.05. The projections examine the impact of a fixed take (rather than a rate of mortality) to enable comparisons to be made with the existing bycatch limit of two short-tailed albatross in five years. Sensitivity of the results to z were examined by conducting projections with z = 0.30.

Because four of the five documented known-aged short-tailed albatross mortalities in the North Pacific were juveniles (USFWS, 2005), the vulnerabilities of juveniles and adults to bycatch were set to 0.8 and 0.2 respectively. The population dynamic equations were modified as follows to split non-trawl fishing mortality from trawl mortality so that the latter could be represented by a variable number while non-trawl mortality remained unchanged:
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where M is the annual trawl mortality in numbers, 
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ay
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is the number of juveniles of age a in year y, and 
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 is the number of juveniles in year y. Sensitivity of the results to the juvenile and adult vulnerabilities were examined by conducting projections with equal vulnerabilities.

The results of the decision analysis are presented as the year in which each of three management goals are achieved with 0.75 probability: 1) 3-year running average total population growth rate of ≥6% for ≥7 years, (2) 1 500 breeding adults, and (3) 2 000 breeding adults. Results are shown for each assumption about 
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and z and for hypothetical annual trawl mortalities of 0, 1, 5, 10, 20, and 50 birds. Zero mortality represents the effect of a complete trawl fishery closure, whereas we chose 50 mortalities as an extreme upper end. 

Results
Population model

The population model suggests that the short-tailed albatross population is increasing due to a combination of high annual breeding success (≥58%) and high juvenile and adult survival (≥90% and ≥95%, respectively). The exact values for these parameters depend on the survival rate from all fishing,
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, which, in the absence of data, was assumed to be either 0.93, 0.95, 0.97, or 0.99. The population model was able to fit the breeder and chick count data under all four assumptions about 
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 (Figure 2). The variance of the estimates of population size was low under all assumptions regarding
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, as evidenced by extremely small 95% probability intervals. The narrowness of these probability intervals indicates that the data are highly informative. One consequence of this is that the posterior distribution was more influenced by the data and less so by the prior distributions. 

Although the population model was able to fit the demographic data under all assumptions about
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, the Bayes Factor, used to calculate the relative probability associated with each value of
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, strongly supported 
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 being 0.97. The probability of 
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being 0.97 is nearly 1, thus making the probabilities of 
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 being 0.93, 0.95, and 0.99 extremely low (1.35 x 10-21, 1.80 x 10-7, and 5.80 x 10-5, respectively). This result is perhaps not surprising because the fit for
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=0.97 is visually better than those for the other values of 
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 (Figure 2). It should be noted, however, that the Bayes Factor relies on the probability model being correct. Thus, we chose to present results for all four values of 
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, even though 
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 = 0.97 is by far the most likely value.

When survival from all fishing (
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) was assumed to be 0.93, the lowest level examined, the modes of the posteriors for adult and juvenile survival were close to their limits of 1 and breeding success was highest relative to the other assumed values of 
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 (Figure 3). This result is not unexpected because the data suggest that the population is growing nearly as fast as is demographically possible; thus, a fishing mortality of 7% would reduce the population growth rate substantially, unless survival from all other mortality factors was otherwise extremely high. In fact, 
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 cannot be lower than 0.93 because survival rates, especially that for juveniles, are unable to increase sufficiently to compensate to the extent necessary to mimic the data. When 
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 is assumed to be slightly higher at 0.95, the posterior medians for adult survival and breeding success decrease, whereas juvenile survival remains high (Figure 3). When 
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 is assumed to be 0.97, the posterior median for juvenile survival decreases below the posterior median for adult survival. This reflects the wider range of possible natural mortality rates when
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 is assumed to be higher. When 
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 is assumed to be very high (0.99), the median of the posterior for juvenile survival is lowest, 0.930, and that for adult survival increases to 0.990. This behavior, which was confirmed by analyses based on 
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=0.98, occurs because there is a slight inconsistency between the trend in the chick and adult counts. As a result, the model fits the chick data more closely, at the expense of the fit to the adult data, as the value of
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 is increased from 0.97 to 0.99 (Figure 2). There is, however, high correlation between juvenile and adult survival when 
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= 0.99 (Figure 4).

Decision analysis

The decision analysis allowed us to formalize a framework for considering a range of actions (from trawl closure to an annual short-tailed albatross take far beyond the current allowable limit) on the time, in years, required to achieve the recovery goals specified in the draft recovery plan (USFWS, 2005). Determining posterior probabilities for the parameters in the albatross population model and choosing plausible values to represent the proportion of fishing mortality caused by trawling allowed the population to be projected into the future while varying trawl mortality, but leaving all other fishing mortality unchanged. Projections were conducted while allowing for uncertainty in survival rates from fishing (
[image: image67.wmf]'

S

) and the proportion of trawl mortality to all other mortality (z). Nevertheless, the results were fairly insensitive to the value of
[image: image68.wmf]'

S

, and z, although, as expected, the results were more pessimistic for the (very unlikely) assumption that 
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 = 0.93. It should be noted that if z is increased, fishing mortality rates due to other fishing declines, decreasing the time to recovery in the population projections. 

The population projections suggest that the recovery goal of a population growth rate of >6% per annum over seven consecutive years can be met with 75% probability in the Torishima population by 2013 for annual takes of 10 or fewer birds by the trawl fishery if 
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 > 0.93 (Table 1). In fact, 2013 is the first year that this recovery goal could be met even if no albatross were taken in the trawl fishery (i.e., if the fishery closed). However, when 
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 = 0.93, growth rates were unable to reach 6%, making it impossible to achieve the management goal even if the trawl fishery was closed. If the take by the trawl fishery is 20 birds each year, the time to achieve the recovery goal is delayed 7-12 years in the case of 
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 = 0.95. If 
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 = 0.97 or 0.99, there is no delay. Only at a highly improbable 50 albatross caught annually in the trawl fisheries is recovery delayed beyond 2019 for any value of
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. 

The projections also suggest that the time needed to meet the breeding population size recovery goals ranged within two decades across all of the trawl mortalities and assumptions about survival from other fishing that were examined (Tables 2 and 3). Attaining the recovery goal of 1 500 breeding birds took slightly longer given no trawling than attaining the population growth rate recovery goal (except in the case of
[image: image75.wmf]'

S

= 0.93, when the growth rate goal was not achievable), although the range of time to achieve this goal across all survival and fishery assumptions was within 16 years. As expected, attaining a population size of 2 000 breeding birds took slightly longer to achieve (2020-2039) than the goal of recovering to 1 500 birds (Table 3). In each scenario about trawl mortality and assumptions about survival from other fishing, the breeding population reached the delisting criterion only 4-7 years after meeting the downlisting criterion.

If no trawl mortality were to occur in the future, the model predicts that the breeding population will reach 1 500 birds in 2016 - 2032. This range reflects whether we assumed survival from all fishing was high in the past (
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 = 0.99) and trawling had accounted for 5% of that mortality (z = 0.05) or that survival from fishing was low in the past (
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 = 0.93) and trawling had accounted for only 1% of that mortality (z = 0.01). Given the high probability of 
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 being 0.97, the range in years to reach 1 500 birds is more likely to be 2017 - 2021. Under the widest range of possible conditions (
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 = 0.99, z = 0.05 or 
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 = 0.93, z = 0.01), achieving the downlisting criterion is predicted to be delayed by ≤1 year when 1 – 5 birds are bycaught annually. In the extreme scenario of an annual take of 50 birds, achievement of the downlisting criterion is delayed by 3 years for 
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 = 0.99, z = 0.05 and 10 years for 
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 = 0.93, z = 0.01. This pattern is similar for achieving the delisting criterion for breeding population size (Table 3). If the vulnerabilities of juveniles and adults to trawl mortality were assumed to be equal, then recovery would be delayed by up to 3 years only in some cases where 10-50 albatross are bycaught annually (results not shown).

Discussion and Conclusions

The analyses of the impact of trawl mortality on the Torishima short-tailed albatross population suggests that exceeding the current expected incidental take on trawl-related bycatch, two takes in any five year period, by as much as a factor of 10 would have little impact on the time course of achieving the species’ proposed recovery goals, barring significant changes in non-trawl bycatch and a large volcanic eruption at the breeding colony. Achieving these goals is impeded only slightly if albatross are bycaught each year and is still attainable even with an unrealistically high trawl mortality of 50 albatross killed annually. The population model developed here shows that survival rates from all sources of mortality other than that caused by fisheries must be very high to allow for the observed increases in albatross numbers. These high survival rates, in turn, allow limited trawl mortality to have little influence on the population trajectory. 

Although there are no observations of short-tailed albatross becoming entangled with Alaskan trawl vessels, the possibility that it has occurred unnoticed cannot be dismissed. Although observers are present on trawl vessels >60 ft for 30-100% of fishing days (NMFS, 2006), they are stationed where the catches are hauled onboard and processed, which is not in view of the deployed trawl gear (pers. comm.. S. Fitzgerald). Estimates of the minimum number of Laysan albatross taken by the Aleutian Island and Bering Sea trawl fleet between 1999 and 2004 range from 140 - 427 (AFSC, 2006). If the rate of interaction for short-tailed albatross was proportional to that for Laysan albatross, we would expect the annual take to be between 0.10 and 0.11 birds, or 1 bird every 10 – 11 years based on the difference in population sizes between the two species. However, even these estimates should be interpreted with caution as vessel attraction, fishery interactions, and bycatch rates vary widely across species (Garthe and Hüppop, 1994; Weimerskirch et al., 2000; Arcos et al., 2001). Thus, it is likely that the lack of observed interactions to date is due to the fact that it is indeed a rare event at the current population size.

Given the current small population size of short-tailed albatross and their wide marine distribution across the North Pacific and Bering Sea (McDermon and Morgan, 1993; Suryan et al., 2006), observing an appreciable number of interactions between trawl vessels and albatrosses is a challenge. However, there is recent evidence that short-tailed albatross preferentially associate with marine features such as shelf-edge breaks and slopes (Piatt et al., 2006; Suryan et al. 2006). In fact, at least 200 albatross (about 10% of the total population) were observed within sight of a single fishing vessel (Piatt et al., 2006), indicating that fisheries interactions may be spatially concentrated. Thus, it is possible that species-specific interaction rates could be measured with observation efforts targeted in short-tailed albatross ‘hotspots’.

In general, bycatch rates of seabirds are difficult to estimate given the wide spatial distribution of fisheries and incomplete observer coverage (Lewison and Crowder, 2003; Uhlman et al., 2005; Miller and Skalski, 2006). Modeling efforts to analyze the effect of fisheries on vulnerable seabird populations have used a range of estimated bycatch rates to project populations using simulations based on age-structured matrix models (Weimeskirch et al., 1997, Inchausti and Weimerskirch, 2001; Lewison and Crowder, 2003) and age-structured dynamics models (Baker and Wise, 2005). For short-tailed albatross, the lack of a single observed mortality in the Alaskan trawl fishery precluded direct estimation of trawl bycatch rates. However, using a Bayesian approach allowed us to formally incorporate, and hence assign probabilities to, possible true fishing mortality rates and then compare population projections with varying bycatch estimates. 

Exploring population-level effects is considered necessary to implement appropriate management actions (Lewison and Crowder, 2003). Although our results indicate that two trawl mortalities in five years would have little impact on the population as a whole, exceeding this limit could initiate closure of the Alaskan trawl fleet. In fact, as the short-tailed albatross population expands, the probability of bycatch should increase. This creates an inherent conflict between the recovery of a listed species and the operation of a large and otherwise sustainable fishery (MSC, 2006). Yet, this need not be the case. There are a suite of quantitative techniques used to incorporate population effects into management models such as potential biological removals (PBR) for marine mammals (Taylor et al., 2000) and management strategy evaluations (MSE) for fisheries (Maunder et al., 2006). Approaches like these that address uncertainty, including the formal decision analysis used in this study, could aid the process to evaluate allowable limits in light of species recovery goals by addressing both take limits and recovery goals within the same framework. 

Decision analysis, in particular, is used to clarify how uncertainties and risks affect the ability of potential management options to meet specific management objectives (Peterman, 2004). For example, Bayesian methods have been used to assess a school shark (Galeorhinus galeus) population subject to fishing and to determine under what conditions current fishery mortality would lead to stock depletion given uncertainty about current population dynamics (Punt and Walker, 1998). Similar methods have been used to analyze population data for spectacled eiders (Somateria fischeri) and to use classification criteria developed by the spectacled eider recovery team to facilitate management decisions to classify the species as endangered (Taylor et al., 1996). These types of quantitative approaches give managers probabilities associated with alternative actions or hypotheses.
The estimated survival parameters for adult short-tailed albatross are high compared with those for other albatross species from the South Atlantic Ocean (wandering albatross Diomedea exulans 92.8%, grey headed albatross D. chrysostoma 93.4%, black browed albatross D. melanophris 91.5%, Croxall et al., 1997) and the Indian Ocean (wandering albatross 93.1%, Amsterdam albatross 95.7% Weimerskirch and Jouventin, 1997). However, our high estimates of albatross survival and breeding success are not surprising given the rapid population expansion witnessed on Torishima (USFWS, 2005). Breeding success, survival rates, and early age at first breeding may be positively influenced by the lack of density dependence due to the small total population size and availability of breeding sites (Tuck et al., 2001). However, the recent population expansion means that the majority of the birds are young. Breeding success and survival rates may change as the population approaches a stable age distribution (Weimerskirch 1992; Weimerskirch et al., 1997; Tuck et al., 2001) with the consequence that the rate of population expansion may decline. Given that the historical short-tailed albatross population numbered in the hundreds of thousands, density dependence is likely to be expressed well after the recovery goals have been achieved.

The time required to achieve the population recovery goals may be influenced by factors beyond the scope of this modeling effort. The analyses in this study were not spatially-explicit and so analyzed only population-level conditions. A fixed number of trawl mortalities may impact the species differently in a spatial context. For example, two mortalities of birds associated with the largest colony at Torishima may have little demographic impact whereas two mortalities at a small or new colony of five pairs would have a much greater impact. In addition, the decision to downlist or delist the short-tailed albatross population requires achieving all of the proposed recovery criteria, including the establishment of several viable breeding colonies. In this study, we analyzed the probability of achieving only the population growth and size criteria. In reality, the time needed to meet all conditions for recovery at either level will depend on the condition that proves most challenging.
The current rapid population increase of short-tailed albatross makes it unusual in relation to other albatross species, most of which are in decline (IUCN, 2006; Weimerskirch and Jouventin, 1997). Although fisheries mortality currently seems to be a low risk for this population, it is still important to adopt a precautionary approach by using mitigation methods to reduce the potential for bycatch, especially as the population increases in size. In fact, a suite of techniques designed to significantly reduce seabird bycatch in both the longline and trawl fisheries have either been implemented (NMFS, 2006) or are in testing phases (Melvin et al., 2004). With the current population trend, an opportunity exists for wildlife and fisheries managers to cooperatively develop short-tailed albatross recovery goals that are based on informed analyses of population impacts of albatross and potential fisheries interactions. The approach used here is robust to missing or incomplete data and can still provide a quantitative, defendable approach to decision making.
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Table Captions

Table 1. The year in which the recovery goal of a 3-year running average population growth rate of ≥ 6% for ≥ 7 years is reached with 0.75 probability given assumptions regarding fishing mortality from all sources of mortality, 
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¢

,  and the fraction of the mortality due to trawling in Alaska, z. Population projections (n = 1000) were conducted for each 
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¢

. NA indicates that the management goal was not achieved. 

Table 2. The year in which the recovery goal of 750 pairs (1 500 breeding birds) is reached with 0.75 probability given assumptions regarding fishing mortality from all sources of mortality, 
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,  and the fraction of the mortality due to trawling in Alaska, z. Population projections (n = 1000) were conducted for each 
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Table 3. The year in which the recovery goal of 1 000 pairs (2 000 breeding birds) is reached with 0.75 probability given assumptions regarding fishing mortality from all sources of mortality, 
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,  and the fraction of the mortality due to trawling in Alaska, z. Population projections (n = 1000) were conducted for each 
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Figure Captions
Figure 1. Counts of adult short-tailed albatross, eggs, and fledged chicks at Torishima Island, Japan. Data from USFWS. 

Figure 2. Posterior medians and 95% intervals for the time-trajectories of adults and chicks. The dots indicate the data on which the model is fitted.

Figure 3. Posterior distributions for breeding success, juvenile survival, and adult survival when survival from all fishing (
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S

) is assumed to be 0.93, 0.95, 0.97, and 0.99. 

Figure 4. Correlation plots of parameter pairs from 1 000 draws from the posterior when survival from all fishing (
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) is assumed to be 0.93, 0.95, 0.97, 0.99. 
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