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 Consumption by marine mammals
 on the Northeast U.S. continental shelf

 Laurel A. Smith,1'3 Jason S. Link,1 Steven X. Cadrin,2 and Debra L. Palka1

 1NOAA/Northeast Fisheries Science Center, 166 Water Street, Woods Hole, Massachusetts 02540 USA
 2School for Marine Science and Technology, 200 Mill Road, Suite 325, Fairhaven, Massachusetts 02719 USA

 Abstract. The economic and ecological impacts of fish consumption by marine mammals,
 the associated interactions with commercial fish stocks, and the forage demands of these
 marine mammal populations are largely unknown. Consumption estimates are often either
 data deficient or not fully evaluated in a rigorous, quantitative manner. Although
 consumption estimates exist for the Northeast United States (NEUS) Large Marine
 Ecosystem, there is considerable uncertainty in those estimates. We examined consumption
 estimates for 12 marine mammal species inhabiting the regional ecosystem. We used sensitivity
 analyses to examine metabolically driven daily individual consumption rates, resulting in a
 suite of feasible parameter-pair ranges for each of three taxonomic groups: mysticetes,
 odontocetes, and pinnipeds. We expanded daily individual consumption to annual
 consumption based on abundance estimates of marine mammals found on the NEUS
 continental shelf coupled with estimates of annual residence time for each species. To examine
 consumptive removals for specific prey, diet compositions were summarized into major prey
 categories, and predatory removals by marine mammal species as well as for total marine
 mammal consumption were estimated for each prey taxa. Bounds on consumption estimates
 for each marine mammal species were determined using Monte Carlo resampling simulations.
 Our results suggest that consumption for these 12 marine mammal species combined may be
 similar in magnitude to commercial fishery landings for small pelagic and groundfish prey
 groups. Consumption by marine mammals warrants consideration both as a source of
 mortality in assessments of prey stocks, and to determine marine mammal forage demands in
 ecosystem assessment models. The approach that we present represents a rigorous,
 quantitative method to scope the bounds of the biomass that marine mammals are expected
 to consume, and is appropriate for use in other ecosystems where the interaction between
 marine mammals and commercial fisheries is thought to be prominent.

 Key words: Atlantic Ocean; commercial fisheries; competition; conservation; consumption estimates;
 ecosystem modeling; energetics; marine mammal diets; Northeast U.S. shelf; uncertainty estimation.

 Introduction impacted by these interactions if there is insufficient or

 Evaluating species interactions is essential to under- inadequate quality of food (Kenney et al. 1985, Hlista et
 standing an ecosystem, and in some instances such al. 2009). Third, these interactions have the potential to
 interactions can have significant social, economic, and establish a competition for forage between marine
 cultural impacts. Prominent global examples are the mammals and those fisheries targeting the same marine
 interactions between marine mammals and commercial- mammal Prey (Tntes et aL 1997>' Fourth and related>

 ly important fish species (Yodzis 2001, Savenkoff et al. these interactions can also establish the potential for
 2008, Gerber et al. 2009). These interactions can have competition between marine mammals and other upper
 notable effects in one of five ways. First, these trophic level predators that may be spec.es of concern or
 interactions can alter the population and community in decllne (Mohn and Bowen 1996, Butler et al. 2006,
 dynamics offish and other prey that are eaten by marine Lmdstr°m et al. 2009). Finally, alterations in how
 mammals, particularly if the prey is already depressed ener^ and blomass flow t0 marine mammals can be
 into a "predator pit" due to other factors such as symptomatic of ecosystem overfishing (Bundy et al.
 overfishing (Savenkoff et al. 2007, Swain and Chouinard 2dd9> ^m^ 2010).
 2008, Bundy et al. 2009). Second, the population and The controversies over trade-offs involving federally
 community dynamics of marine mammals can be Protected or endangered marine mammals and socially

 and economically important commercial fisheries have
 evoked numerous opinions and proposals. These pro

 Manuscript.received 28 August 2013; revised 21 March 2014; pOSa|s have ranged from increasing harvest of mammals accepted 29 April 2014; final version received 28 July 2014. F & 6
 Corresponding Editor: J. D. Olden. to ensure adequate food for people (Punt and Butter

 3 E-mail: laurel.smith@noaa.gov worth 1995, Butler et al. 2006) to stopping fishing to
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 ensure adequate forage for mammals (DeMaster et al. Link 2007) and in contiguous northwest Atlantic
 2001, Smith et al. 2011), with several more balanced ecosystems (Hammill and Stenson 2000, Trzcinski et
 options (Butler et al. 2008, Bundy et al. 2009, Gerber et al. 2006, Bundy et al. 2009). However, these estimates
 al. 2009). Although the focus has been largely on whales span multiple orders of magnitude because of differing
 (e.g., Hinga 1979, Tamura and Ohsumi 2000, Leaper methodologies, different time periods, and inconsistent
 and Lavigne 2007), concerns about pinniped interac- assumptions. To inform marine mammal and fisheries
 tions with fish are also prominent (Trzcinski et al. 2006, management decisions, a more robust evaluation of such
 Benoît and Swain 2008, Morissette et al. 2009). consumption estimates has been developed in this paper.
 Reasonable estimates of how much and of which species As marine mammal and fisheries science moves
 marine mammals eat would help to address these issues toward ecosystem-based fishery management, there is a
 (Link et al. 2006). growing need for detailed information on marine
 There is limited information on the food habits of mammal consumption (Leaper and Lavigne 2007, Link

 marine mammals relative to food habits of fish, and the 2010). Such data are essential for improving single
 representativeness of the data that does exist is uncertain species assessments, informing ecosystem models, and
 (e.g., Yodzis 2001, Corkeron 2009, Gerber et al. 2009). providing accurate evaluations of trade-offs. Thus our
 Food habits data for marine mammals are largely objectives were to provide estimates of consumption for
 derived from necropsies on stranded or bycaught 12 species of marine mammal species from the NEUS
 cetaceans (Laerm et al. 1997, Craddock and Polloni ecosystem, formally evaluate the uncertainties about
 2009), pinniped scat samples (Payne and Selzer 1989), those estimates, and place those estimates into a broader
 limited biochemical analyses from tissue samples, or fisheries-ecosystem context.

 Methods
 observations of some smaller odontocetes and pinnipeds
 from artificial environments such as aquaria (Brodie
 1975, Murie 1987), each of which has potential biases. The study area is the NEUS continental shelf waters, as
 Given these caveats, some estimates of marine mammal defined by the area within the Northeast Fisheries Science
 feeding have been proposed (e.g., Kenney et al. 1997, Center (NEFSC) bottom trawl survey strata (Fig. 1).
 Link et al. 2006, Overholtz and Link 2007). Five mysticete species (fin, humpback, right, sei, and

 The challenges with most estimates of marine minke whales), five odontocete groups (long- and short
 mammal feeding are that they rarely provide quantifi- finned pilot whales, bottlenose dolphin, Atlantic white
 able measures of uncertainty, they rarely document sided dolphin, common dolphin, and harbor porpoise),
 statistical biases, they rely on a host of unevaluated and two pinniped species (gray and harbor seals) were
 assumptions about underlying trophic models, and they included as the marine mammal predators in this study
 do not robustly and rigorously attempt to provide (see Appendix: Table A3). These species were chosen
 confidence limits. This degree of uncertainty and the ad because they feed primarily on the NEUS shelf and met a
 hoc manner in which variance has been considered for minimum requirement of having at least nine published
 consumption estimates have limited the utility of such sources of diet data available worldwide, if not specifi
 information. As some populations of marine mammals cally within the NEUS region. Here we present methods
 increase and potential conflicts between marine mam- to estimate marine mammal daily per capita consump
 mals and human uses of the ocean continue to increase tion, abundances, diet compositions, annual consump
 (Payne and Selzer 1989, Lundström et al. 2010), an tion, and total prey-specific removals, as well as
 approach to quantitatively evaluate marine mammal sensitivities related to these estimates. We also compared
 consumption estimates would be beneficial. marine mammal consumption to commercial fisheries

 We developed and applied such an approach for the catches for prey species to provide context for the
 Northeast U.S. (NEUS) continental shelf ecosystem, magnitude of prey consumed by marine mammal species.

 Daily per capita consumption and parameter pair
 examination

 which could be used as an example for other regions.
 This ecosystem has a well-documented history of
 exploited marine resources (Fogarty and Murawski
 1998), finfish and invertebrate dynamics (NEFSC Consumption by marine mammals has been estimated
 20086, 2011), and associated trophodynamics in this through several methods (Lockyer 1981, Innés et al.
 food web (Smith and Link 2010). Although food web 1987a> Markussen et al. 1992). However when empirical
 and multispecies models have demonstrated that apex data are n°t available, an energetics equation is most
 predators such as marine mammals do not constitute a commonly used to estimate the energy required to
 major energy pathway in this ecosystem relative to other maintain a marine mammal. Consumption is usually
 trophic levels (Read and Brownstein 2003, Link et al. derived through the general relationship of ingestion to
 2006), prey-specific removals by marine mammals can individuel mass (Read and Brownstein 2003):
 be substantial (Trites et al. 1997, Overholtz and Link p
 2007, NEFSC 2012). There are estimates for marine ' '
 mammal consumption in the NEUS region (e.g., where Y is the daily per capita consumed biomass, M is
 Kenney et al. 1997, Link et al. 2006, Overholtz and the body mass of an individual predator, and a and ß are
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 Fig. 1. Shipboard (23 June-4 August 2004) and aerial track lines and cetacean sightings from the Northeast Fisheries Science
 Center's (NEFSC) 2004 summer marine mammal survey, including only regions covered by the NEFSC bottom trawl survey on the
 Northeast U.S. continental shelf.

 species-specific consumption parameters. This equation were excluded from further analysis if the resulting
 was first introduced by Kleiber (1975) to estimate the consumption estimates were 50% higher or lower than
 basal metabolic rates for a wide range of homeotherms, the mean consumption calculated from the remaining
 and has since been used to estimate daily consumption parameter pairs. However, if excluding a parameter pair
 for a range of marine mammals (Hammill and Stenson resulted in none of the remaining parameter pairs falling
 2000, Leaper and Lavigne 2007, Stevick et al. 2008). within 50% of the new consumption mean, all parameter
 Although more complicated models that include inter- pairs were included in further analyses in order to
 actions with prey density would add more realism to account for the uncertainty of the parameter estimates,
 consumption estimates, we used Eq. 1 because of the
 lack of detailed information on how diet compositions Marine mammal abundance
 and prey density estimates have changed over time tor Marine mammal abundance estimates were derived
 most marine mammals considered in this study.  from NEFSC surveys (Appendix: Tables A1-3; Waring,

 A wide range of a and ß parameters for marine et al. 2011), where only survey track lines that were on
 mammal consumption has been reported, and we the NEUS shelf were included (methods from Link et al.
 attempted to consider the broadest range of parameters 2006; scc Fjg j and Appendlx) Annual residence ratios,
 that were used m the literature for each marine mammal feased Qn th£ proportion of the stock found in the stud
 species group (Table 1). All estimates were converted to , ,■ ~ , . ,
 , ,, , ' . . area by season (Appendix: Table A2), were used to scale

 the abundance estimates to average annual abundance
 estimates (Appendix: Table A3). This annual residence
 ratio (Res) was calculated as the abundance-weighted

 kg/d through methods described in Leaper and Lavigne
 (2007). To identify outliers, surface plots were then used
 to explore reasonable bounds for the parameter values
 (Fig. 2). Consumption parameters were analyzed sepa- . _ , , .
 ,)f ... , J - proportion of the stock found in the study area, rately tor mysticetes, odontocetes, and pinnipeds. An ' 3 '

 • j. •, , „ e , • , averaged over four seasons (.v) and the four eco-regions
 average individual mass tor each marine mammal group v ' b
 was used to visualize daily per capita consumption as a W that make UP the NEUS shelf study area <Table A1):
 function of ot and ß parameters. Literature values of a
 and ß parameter pairs were superimposed as boxes within _ \ A
 the surface plot of each taxonomic group to which they /
 were applied in the publication (Fig. 2). Parameter pairs

 Et  Sr

 Ea
 (2)
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 Table 1. Daily per capita consumption parameters from literature for marine mammals grouped by taxa.

 Taxa  Consumption type  kJ/d kcal/d  Watts  a  ß  Source(s)

 A) Odontocetes
 Odontoceti juvenile  biomass for maintenance  0.178  0.760  4

 Odontoceti adult  biomass for maintenance  0.313  0.660  4

 Odontoceti all  biomass for maintenance  0.258  0.690  4

 Cetaceans  daily prey consumed  (0.042)  (0.670)  4,  15, 19
 All marine mammals  BMR  293.1  (0.060)  (0.750)  2,  9, 18, 19
 All marine mammals  BMR  70  (0.060)  (0.750)  5,  6, 10
 All marine mammals  daily consumption  0.035  1.000  1,  13, 17
 Phocid and Odontoceti  biomass for maintenance  0.123  0.800  4,  14, 16

 B) Mysticetes
 Baleen whales  daily requirement  863.6  (0.177)  (0.783)  11,  19
 Baleen whales  FMR  80  0.068  1.000  7,  19
 Baleen whales  BMR  70.5  (0.060)  (0.733)  3
 Baleen whales  high daily consumption  (1.660)  (0.559)  17
 Cetaceans  daily prey consumed  (0.042)  (0.670)  4,  15, 19
 All marine mammals  BMR  293.1  (0.060)  (0.750)  2,  9, 18, 19
 All marine mammals  BMR  70  (0.060)  (0.750)  5,  6, 10
 All marine mammals  daily consumption  0.035  1.000  1,  13, 17
 Phocid and Odontoceti  biomass for maintenance  (0.123)  (0.800)  4,  14, 16

 C) Pinnipeds
 Juvenile phocid seals  energy for growth  40.2  0.710  0.430  4

 Juvenile phocid seals  energy for growth  24.1  0.426  0.570  4

 Juvenile pinnipeds  energy for growth  26.8  0.474  0.340  4

 Juvenile pinnipeds  energy for growth  28.9  0.511  0.520  4

 Adult phocid seals  energy for growth  6.19  0.109  0.800  4
 Juvenile Otariididae  energy for growth  9.64  0.170  0.870  4

 Juvenile phocid seals  energy for maintenance  17.5  0.309  0.570  4

 Juvenile phocid seals  energy for maintenance  0.086  0.860  4

 Juvenile phocid seals  energy for maintenance  0.092  0.840  4

 Juvenile phocid seals  energy for maintenance  0.032  1.000  4

 Juvenile phocid seals  energy for maintenance  9.35  0.165  0.740  4

 Juvenile phocid seals  energy for maintenance  9.93  0.175  0.720  4

 Adult phocid seals  energy for maintenance  0.055  0.840  4

 Adult phocid seals  energy for maintenance  0.079  0.710  4

 Adult phocid seals  energy for maintenance  0.057  0.830  4

 Adult phocid seals  energy for maintenance  7.5  0.133  0.710  4

 Adult phocid seals  energy for maintenance  3.75  0.066  0.870  4

 Adult phocid seals  energy for maintenance  7.1  0.125  0.720  4

 All phocid seals  energy for maintenance  0.068  0.780  4,  15
 Adult pinnipeds  energy for maintenance  27.8  0.491  0.440  4
 Phocid seals  BMR  0.0034  0.695  0.750  8

 Adult phocid pooled  ingested energy  5.07  0.090  0.800  4
 Phocid seals  daily prey consumed  0.100  0.800  12,  19
 Phocid seals  daily energy intake  125  0.107  0.750  5

 Notes: Values that were reported as energy consumption were converted to kg/d (see Methods: Daily per capita consumption and
 parameter pair examination). Italicized values of a and ß indicate parameters that produced daily per capita consumption estimates
 50% higher than the average for the taxa group; a and ß values in parentheses produced estimates 50% lower than the average.
 Boldface a and ß values indicate parameters selected from the literature to be used in consumption analyses for each taxonomic
 group, as discussed in Methods. Some sources included parameters from multiple published and unpublished data sets or were used
 for multiple taxonomic groups. Literature sources are: 1, Klumov (1963); 2, Kleiber (1975); 3, Lockyer (1981); 4, Innés et al.
 (1987h); 5, Mûrie (1987); 6, Hain et al. (1992); 7, Blix and Folkow (1995); 8, Hammill et al. (1995); 9, Lavigne (1996); 10, Kenney et
 al. (1997); 11, Sigurjônsson and Vikingsson (1997); 12, Trites et al. (1997); 13, Tamura and Ohsumi (2000); 14, Read and
 Brownstein (2003); 15, Link et al. (2006); 16, Overholtz (2006); 17, Leaper and Lavigne (2007); 18, Stevick et al. (2008); 19, Tamura
 et al. (2009).

 where Psr is the proportion of the summer population distances per year («), and this was added to the
 estimate in a given eco-region for each season (Appen- percentage of animals that do migrate (m) multiplied by
 dix: Table A2) and Sr is the summer abundance estimate the percentage of annual feeding that occurs on the
 by eco-region. NEUS for these individuals (/):
 Humpback and right whales greatly reduce feeding

 during migration to and from tropical breeding grounds Resadj = (Res X n) + (m X/). (3)

 during the spring and fall, and while occupying these For humpback and right whales, we used approxi
 breeding grounds during the winter. The annual mations of n = 5%, m = 95% (D. Palka, personal
 residence ratios for these species were thus multiplied observation), and / = 83% (Lockyer 1981). For species
 by the percentage of animals that do not migrate long that do not migrate, n = 100% and m = 0%.

 Taxa  Consumption type  kJ/d kcal/d  Watts  a  P  Source(s)

 A) Odontocetes
 Odontoceti juvenile  biomass for maintenance  0.178  0.760  4

 Odontoceti adult  biomass for maintenance  0.313  0.660  4

 Odontoceti all  biomass for maintenance  0.258  0.690  4

 Cetaceans  daily prey consumed  (0.042)  (0.670)  4, 15, 19
 All marine mammals  BMR  293.1  (0.060)  (0.750)  2, 9, 18, 19
 All marine mammals  BMR  70  (0.060)  (0.750)  5, 6, 10
 All marine mammals  daily consumption  0.035  1.000  1, 13, 17
 Phocid and Odontoceti  biomass for maintenance  0.123  0.800  4, 14, 16

 B) Mysticetes
 Baleen whales  daily requirement  863.6  (0.177)  (0.783)  11, 19
 Baleen whales  FMR  80  0.068  1.000  7, 19
 Baleen whales  BMR  70.5  (0.060)  (0.733)  3
 Baleen whales  high daily consumption  (1.660)  (0.559)  17
 Cetaceans  daily prey consumed  (0.042)  (0.670)  4, 15, 19
 All marine mammals  BMR  293.1  (0.060)  (0.750)  2, 9, 18, 19
 All marine mammals  BMR  70  (0.060)  (0.750)  5, 6, 10
 All marine mammals  daily consumption  0.035  1.000  1, 13, 17
 Phocid and Odontoceti  biomass for maintenance  (0.123)  (0.800)  4, 14, 16

 C) Pinnipeds
 Juvenile phocid seals  energy for growth  40.2  0.710  0.430  4

 Juvenile phocid seals  energy for growth  24.1  0.426  0.570  4

 Juvenile pinnipeds  energy for growth  26.8  0.474  0.340  4

 Juvenile pinnipeds  energy for growth  28.9  0.511  0.520  4

 Adult phocid seals  energy for growth  6.19  0.109  0.800  4
 Juvenile Otariididae  energy for growth  9.64  0.170  0.870  4

 Juvenile phocid seals  energy for maintenance  17.5  0.309  0.570  4

 Juvenile phocid seals  energy for maintenance  0.086  0.860  4

 Juvenile phocid seals  energy for maintenance  0.092  0.840  4

 Juvenile phocid seals  energy for maintenance  0.032  1.000  4

 Juvenile phocid seals  energy for maintenance  9.35  0.165  0.740  4

 Juvenile phocid seals  energy for maintenance  9.93  0.175  0.720  4

 Adult phocid seals  energy for maintenance  0.055  0.840  4

 Adult phocid seals  energy for maintenance  0.079  0.710  4

 Adult phocid seals  energy for maintenance  0.057  0.830  4

 Adult phocid seals  energy for maintenance  7.5  0.133  0.710  4

 Adult phocid seals  energy for maintenance  3.75  0.066  0.870  4

 Adult phocid seals  energy for maintenance  7.1  0.125  0.720  4

 All phocid seals  energy for maintenance  0.068  0.780  4, 15
 Adult pinnipeds  energy for maintenance  27.8  0.491  0.440  4
 Phocid seals  BMR  0.0034  0.695  0.750  8

 Adult phocid pooled  ingested energy  5.07  0.090  0.800  4
 Phocid seals  daily prey consumed  0.100  0.800  12, 19
 Phocid seals  daily energy intake  125  0.107  0.750  5
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 Fig. 2. Daily per capita consumption with varying a and ß parameters based on the average body mass for each marine
 mammal group for (A) all 12 marine mammals, (B) pinnipeds, (C) odontocetes, and (D) mysticetes. Here, a and ß are paired,
 species-specific consumption parameters from the equation Y = outfP, relating daily per capita consumption ( Y) to body mass of a
 predator (M). Literature values of a and ß are superimposed, where white squares were included and red squares were excluded
 from analyses.

 Diet compositions tive of the entire population, and diet compositions

 Scat and stomach analyses from bycaught and  obtained from stomachs or scats may be biased toward

 stranded animals are the most common methods of Prey w'lh hard parts that have slower rates of digestion,
 determining marine mammal diet compositions, but Some species of marine mammals have little published
 these may include biases. Specifically, stomachs of information on diet composition from animals that
 stranded and bycaught animals may not be représenta- resided in the study area. To mitigate these problems
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 and potential biases, we based daily consumption on C, = C X £>,. (5)
 energetics equations instead of stomach volume, aug
 mented local diet compositions with data from foreign Uncertainty and sensitivity analyses
 sources where necessary, and when possible selected diet

 , , . , , . r Consumption distributions for each prey group by
 compositions based on expansion of hard parts to live . K ,
 mass of prey with corrections for erosion. Ideally we each marlne mammal sPecles as wel1 aS t0tal c°nsumP"
 would only include diet data from the NEUS area, but t,on of each Pre>' SrouP for a!1 marme mammal sPeC1fs
 when data was sparse and it was necessary to augment combined were estimated with 10000 Monte Carlo
 with foreign diet data, prey species that were not found simulations, using the @RISK 5.7 software package
 in the NEUS were allocated to prey groups based on (Pallsade 201 lp Uncertainty analyses were also per
 size, taxonomy, and depth preferences. formed ln @RISK based on multivariate stepwise
 Marine mammal diet compositions were allocated regressions relating input parameters to either consump

 to 12 standard prey groups of similar taxonomy that t,on by marme mammal species or to total consumption
 were of either commercial or ecological importance by Prey sPecies> in whlch regression coefficients indicat
 (Appendix: Table A4). The names given to most prey ed the influence of parameters on the consumption
 groups (e.g., scombrids) also includes prey species that estimates.
 are from similar taxonomic or trophic level groups To deve'°P tbese consumption distributions, ranges
 (e.g., jacks and scads) to simplify naming convention were determined for each input parameter. For abun
 and groupings. Literature sources of marine mammal dance estimates, coefficients of variation (CVs) of survey
 diet compositions that did not give quantitative estimates were used to calculate one standard deviation
 measures of the diet composition were assumed to from the mean on-shelf summer abundance estimate,
 be equally distributed between prey components There is no CV associated with right whale survey
 unless qualitative distinctions were given. Prey com- estimates, so a CV of 20% was included to account for
 ponents that were not mentioned in a literature source sampling error, as informed from the number of
 were assigned a zero percentage composition, except individuals that are typically missed in a given survey
 for studies that focused on specific prey (e.g., Over- year (D. Palka, personal communication). Due to the
 holtz and Waring 1991) or studies that grouped prey uncertainty of the proportion of the year that many of
 into broad categories (e.g., Kenney et al. 1985). In the the species spend in the study area and the interannual
 latter cases, the remaining prey groups were left blank variability in the proportion, a 50% CV of mean
 for that source. residence ratios was assumed, with a maximum resi

 A mean diet composition was then calculated across dence ratio of 1. This CV on residence is intentionally
 all literature sources for each prey group and marine large to acknowledge the fact that there are no published
 mammal species, and was scaled to sum to 100% for the values for residence rates of these species within the
 total diet composition for each marine mammal NEUS region, and that they are therefore based on
 species. Minimum and maximum diet compositions expert opinion (D. Palka, personal communication).
 were determined from literature values, where the Mean individual body masses (Link et al. 2006) were
 minimum was the average of the zeros and the lowest assumed to have a 20% CV to approximate typical size
 nonzero value. The exception to this was when there ranges for adults. Minimum and maximum observed
 was only one instance of the consumption of a prey percentages of diet compositions per prey group were
 group, in which case the minimum for that group was used to bound the mean diet (Appendix: Table A6). For
 defined as zero. This approach insured that the daily per capita consumption parameters, the pairs of a
 minimum diet composition was lower than the mean, and ß parameters specific to the three taxonomic groups
 An example of a diet composition constructed from (pinnipeds, odontocetes, and mysticetes; Table 1) were
 literature sources is given for humpback whales; the randomly sampled in the sensitivity analysis to provide a
 Appendix includes literature values (Table A5) and range of daily per capita consumption parameters,
 mean diet composition for humpback whales (Table To run Monte Carlo simulations in @RISK, distri
 A6). butions were selected for each parameter using the

 ranges just described. For abundance, individual body
 mass, and residency ratio, a pert distribution (Program

 Mean annual consumption estimates (C, in metric Evaluation and Review Technique, @RISK; Palisade
 tons) for each marine mammal species within the NEUS 2011) was used because distributions could be deter
 shelf study area were calculated as: mined based on minimum, best estimate, and maximum

 values. Pert distributions are related to beta distribu

 tions, and have been used in similar studies to
 where abundance is the annual abundance of a marine characterize uncertainty in predator consumption (Over
 mammal species on the NEUS shelf (Appendix), holtz 2006, Overholtz and Link 2007). For diet
 Consumption was then allocated to prey groups (;') compositions, a Johnson Moments distribution was
 based on mean diet compositions (£>,): determined for each prey group (@RISK; Palisade

 Annual consumption

 C = Y X 365 X Resadj X Abundance (4)
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 Table 2. Marine mammal mean individual daily consumption estimates and consumption as
 percentage of body mass.

 i j •!..

 Individual daily Daily consumption as
 consumption (kg) percentage body mass

 Species  Mean  80% CI  Mean  80% CI

 Fin whale  981  (57.5, 3600)  0.020  (0.001, 0.072)
 Humpback whale  621  (41.8, 2110)  0.020  (0.001, 0.069)
 Right whale  502  (35.1, 1620)  0.021  (0.002, 0.069)
 Sei whale  367  (27.1, 1200)  0.022  (0.002, 0.071)
 Minke whale  165  (14.6, 468)  0.025  (0.002, 0.071)
 Pilot whale  28  (21.1, 35.9)  0.033  (0.025, 0.042)
 Bottlenose dolphin  8.7  (5.5, 11.5)  0.046  (0.029, 0.061)
 Atlantic white-sided dolphin  5.1  (2.8, 7.0)  0.055  (0.030, 0.076)
 Common dolphin  4.6  (2.4, 6.3)  0.058  (0.030, 0.079)
 Harbor porpoise  2.2  (0.94, 3.3)  0.071  (0.030, 0.106)
 Gray seal  6.0  (3.4, 8.6)  0.033  (0.019, 0.048)
 Harbor seal  3.0  (1.6, 4.8)  0.040  (0.021, 0.064)

 consumption (kg) percentage body mass

 Species  Mean  80% CI  Mean  80% CI

 Fin whale  981  (57.5, 3600)  0.020  (0.001, 0.072)
 Humpback whale  621  (41.8, 2110)  0.020  (0.001, 0.069)
 Right whale  502  (35.1, 1620)  0.021  (0.002, 0.069)
 Sei whale  367  (27.1, 1200)  0.022  (0.002, 0.071)
 Minke whale  165  (14.6, 468)  0.025  (0.002, 0.071)
 Pilot whale  28  (21.1, 35.9)  0.033  (0.025, 0.042)
 Bottlenose dolphin  8.7  (5.5, 11.5)  0.046  (0.029, 0.061)
 Atlantic white-sided dolphin  5.1  (2.8, 7.0)  0.055  (0.030, 0.076)
 Common dolphin  4.6  (2.4, 6.3)  0.058  (0.030, 0.079)
 Harbor porpoise  2.2  (0.94, 3.3)  0.071  (0.030, 0.106)
 Gray seal  6.0  (3.4, 8.6)  0.033  (0.019, 0.048)
 Harbor seal  3.0  (1.6, 4.8)  0.040  (0.021, 0.064)

 Note: The 80% confidence intervals are included from Monte Carlo simulations, and are
 expected to be large due to the uncertainty of the input parameters.

 2011), which determines the distribution by fitting to the prey species instead of commercially vs. ecologically
 mean, standard deviation, skew, and kurtosis of the important species, so it is not possible at this time to
 data. For each prey group, these parameters were provide direct comparisons between marine mammal
 approximated by comparing the distribution to the prédation and commercial catch,
 mean, minimum, and maximum diet compositions from
 the literature. A number of the marine mammal species Results
 consume a broad range of prey groups, and the ability to Daily per capita consumption, parameter pair
 control the skew is particularly important because the examination, and outlier analysis
 distributions of the prevalence of most individual prey
 groups within a diet composition are heavily left

 Examining the surface plot of pinniped daily per
 civ/uuo wiuiiu a uivi vuuiuvjiuuii uiv iivwni» ivn . . , .

 . , ^ ~ , , ,~T , r a aw r w . capita consumption in relation to consumption param
 skewed. Confidence intervals (CIs) of 80% from Monte r . in» i *• i
 ~ , . .. eters, a broad range of a and ß values can be combined
 Carlo simulations were reported for annual population ' . - -

 , to produce similar daily consumption estimates ot 1.9
 consumption as well as for consumption by prey group. „.»,,,», , ,n/T »»

 . , „jo/pi . . ■ r , 7.6 kg/d, as seen in the dark blue band of Fig. 2B (Table This was chosen over 95% CIs as to not give a false sense ,N . . , , , „
 of recision 1). These estimates include a values ranging from 0.03 to precision. 0.7, and ß values from 0.3 to 1.0. The only two published

 Commercial fisheries catches of prey species combinations that produced daily per capita consump

 In order to provide context for the magnitude of prey tion estimates outside of the 50% mar§ln were a = 0 695
 consumed by marine mammals, marine mammal con- combined with ß = 0.750 (Hamm.ll et al. 1995), and a =
 sumption was compared to commercial fisheries catches 0170 combined with ß = 0.870 (Innés et al. 19876),
 for prey species. We included the most recent 10 years which Produced estimates that were 1.5 and 4.8 times the
 available of commercial fishery catches from Northeast avera8e of the remaining estimates, respectively (Fig.
 Fisheries Science Center's stock assessment reports for These parameter pairs were excluded from subse
 each commercially important marine mammal prey fiuent analyses for pinnipeds. The remaining values
 species (NEFSC 2006, 2008a, b, 2010, 2011). The catches correspond to daily per capita consumption estimates
 were taken from within the study area and were used to between 2% and 8% of body size (Table 2).
 calculate means and CVs. For marine mammal prey An average odontocete was estimated to consume
 groups that included multiple commercial species, between 8.2 kg/d and 11.5 kg/d (green band in Fig. 2C).
 catches were summed across species to compare to the F°r the five species of odontocetes included in this
 marine mammal prey groups: large gadids, small gadids, study, this results in mean daily per capita consumption
 flatfish, clupeids, scombrids, and squid (Appendix: of 2.2-28 kg/d (Table 2). Again, these estimates were
 Table A4). Catches were then compared to mean total produced by a broad range of parameter values: a values
 marine mammal consumption by prey group. between 0.035 and 0.31, and ß values between 0.66 and

 These comparisons should be considered as an order- 1 0. Within these ranges, there were two of the published
 of-magnitude approximation because marine mammals parameter pairs that were below the 50% margin of the
 consume a wider variety of species than are targeted by mean estimate and were thus removed from subsequent
 commercial fisheries (e.g., spotted hake and rocklings odontocete analyses (Fig. 2C): a = 0.06 with ß = 0.75
 included as small gadid prey are not commercially (e.g., Kleiber 1975), and a = 0.04 with ß = 0.67 (e.g.,
 fished). Many studies report diet as taxonomic groups of Innés et al. 19876). The remaining range of daily per
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 Table 3. Mean annual consumption of prey groups by marine mammal species with upper and lower 80% CI (in parentheses).

 Prey consumption, by group (thousands of metric tons/yr)

 Predator species Large gadids Small gadids  Flatfish  Clupeids  Scombrids  Sandlance

 Fin whale  1.2(0.06, 2.9)  1.0(0.04,2.4)  27.7(0.8,71.0)  12.8(0.3, 32.6)  16.5(0.6, 70.3)
 Humpback whale  1.1 (0.005,1.7)  5.8(0.3, 14.6)  3.7(0.12,8.8)  9.7(0.6,24.6)
 Right whale

 3.4(0.05,8.3) Sei whale  1.4(0.008,3.0)  0.14(0.006, 0.3)  6.2(0.2, 15.3)  1.4 (0.04,3.05)
 Minke whale  12.2(0.5,29.6)  3.0 (0.01, 5.3)  0.01 (0.00006. 0.016)  28.6(2.1,69.3)  3.2(0.007, 10.6)  15.3(0.5,38.7)
 Pilot whale  1.0 (0.14,2.3)  2.3(0.3,5.1)  12.0 (4.1,22.3)
 Bottlenose dolphin  0.3 (0.06, 0.5)  0.8(0.14, 1.8)  0.005(0.0008,0.01)  0.3(0.13,0.5)  0.2 (0.02, 0.4)  0.03 (0.002, 0.08)
 Atlantic white-sided  1.0(0.1,2.5)  2.8(1.1,4.8)  0.006(0.0005,0.017)  2.0(0.9,3.3)  0.5(0.03, 1.3)  0.9(0.3, 1.5)

 dolphin
 Common dolphin  0.09(0.01,0.18)  13.5(3.0,28.0)  0.02 (0.0002,0.05)  7.3(0.8,17.4)  18.1(4.3,37.0)  0.9(0.1, 1.8)
 Harbor porpoise  0.17(0.017,0.4)  1.1(0.4,2.0)  0.004(0.0005,0.009)  1.0(0.3,1.7)  0.2 (0.02,0.4)  0.3(0.06,0.7)
 Gray seal  4.1(1.7, 7.0)  1.7(0.2,4.2)  2.7 (0.3, 6.2)  1.9(0.3,4.5)  0.6(0.2, 1.0)  7.6(3.4, 12.5)
 Harbor seal  9.3(3.4,17.0)  19.9 (8.5,33.7)  12.6(1.8,28.3)  12.3(4.8,21.3)  1.1(0.18,2.9)  24.4(7.7,46.5)
 Total  30.3(11.1,54.9) 46.3 (24.0, 74.0)  27.4(9.6, 50.8)  96.4(27.7, 192.2) 54.4(20.3,99.6)  78.1 (26.7, 147.9)

 Prey consumption, by group (thousands of metric tons/yr)

 Predator species Large gadids Small gadids Flatfish Clupeids Scombrids Sandlance

 Fin whale 1.2(0.06,2.9) 1.0(0.04,2.4) 27.7(0.8,71.0) 12.8(0.3,32.6) 16.5(0.6,70.3)
 Humpback whale 1.1 (0.005,1.7) 5.8(0.3,14.6) 3.7(0.12,8.8) 9.7(0.6,24.6)
 Right whale
 Sei whale 1.4(0.008,3.0) 0.14(0.006,0.3) 6.2(0.2,15.3) 1.4(0.04,3.05) 3.4(0.05,8.3)
 Minke whale 12.2(0.5,29.6) 3.0 (0.01,5.3) 0.01 (0.00006,0.016) 28.6(2.1,69.3) 3.2(0.007,10.6) 15.3(0.5,38.7)
 Pilot whale 1.0(0.14,2.3) 2.3(0.3,5.1) 12.0(4.1,22.3)
 Bottlenose dolphin 0.3(0.06,0.5) 0.8(0.14,1.8) 0.005(0.0008,0.01) 0.3(0.13,0.5) 0.2(0.02,0.4) 0.03(0.002,0.08)
 Atlantic white-sided 1.0(0.1.2.5) 2.8(1.1,4.8) 0.006(0.0005,0.017) 2.0(0.9,3.3) 0.5(0.03,1.3) 0.9(0.3,1.5)

 dolphin
 Common dolphin 0.09(0.01,0.18) 13.5(3.0,28.0) 0.02(0.0002,0.05) 7.3(0.8,17.4) 18.1 (4.3,37.0) 0.9(0.1,1.8)
 Harbor porpoise 0.17(0.017,0.4) 1.1 (0.4,2.0) 0.004(0.0005,0.009) 1.0(0.3,1.7) 0.2(0.02,0.4) 0.3(0.06,0.7)
 Gray seal 4.1(1.7,7.0) 1.7(0.2,4.2) 2.7(0.3,6.2) 1.9(0.3,4.5) 0.6(0.2,1.0) 7.6(3.4,12.5)
 Harbor seal 9.3(3.4, 17.0) 19.9(8.5,33.7) 12.6(1.8,28.3) 12.3(4.8,21.3) 1.1 (0.18,2.9) 24.4(7.7,46.5)
 Total 30.3(11.1,54.9) 46.3(24.0,74.0) 27.4(9.6,50.8) 96.4(27.7,192.2) 54.4(20.3,99.6) 78.1 (26.7,147.9)

 capita consumption is feasible, corresponding to 3.3- metric tons/yr for pilot whales (Table 3). Pinniped
 7.1% of body mass for the five odontocetes (Table 2). consumption was relatively high because of their high

 The wide range of parameters for mysticetes provided abundance and year-round residence in the study area,
 a large range of daily per capita consumption estimates Annual gray seal consumption was estimated to average
 from 40 kg/d to 2000 kg/d, with little trend of similar 21000 metric tons/yr, whereas harbor seal consumption
 estimates from the literature (Fig. 2D). More realistic averaged 98 000 metric tons/yr (Table 3). The 12 species of
 estimates are intermediate values (—100-600 kg/d), marine mammals combined consumed an average of
 corresponding to ranges of consumption between 0.3% 880000 metric tons/yr on the shelf, with an 80% CI
 and 2% of body mass for an average mysticete mass of ranging from 340 000 to 1 800 000 metric tons/yr (Table 3).
 29000 kg. The two values that appeared to be outliers
 were the two estimates with ß = 1 (e.g., Klumov 1963,
 Blix and Folkow 1995), which were 2.7 and 6.1 times

 Marine mammal diet compositions and prey-specific
 consumption

 higher than the average of the other estimates (Fig. 2D). Because mysticetes are predominantly filter feeders or
 However, when these two parameter pairs were excluded specialists in consuming small fish and invertebrates, it is
 from the mean estimate, none of the remaining daily per not surprising that their diets were generally dominated by
 capita consumption estimates fell within 50% of the new shrimp (32% for minke whales to 63% for fin whales),
 mean. The inability to easily rule out any of the Zooplankton (42% for sei whales and 85% for right
 consumption parameter pairs from the literature high- whales), clupeids (30% for minke whales), and sandlance
 lights the uncertainty, minimal data, and lack of trend (20% for humpback whales, Appendix: Table A6). Shrimp
 for the mysticete consumption estimates. To account for (mostly euphausiids) was the dominant prey for mysticete
 this uncertainty, the full range of consumption param- annual consumption, where the 80% CIs of fin whale
 eters was included in further consumption analyses for consumption was 15 000-540 000 metric tons/yr, followed
 the mysticete group (Table 1). by sei and minke whales at just below 2000 metric tons/yr

 to 70000-80000 metric tons/yr (Table 3, Fig. 4).
 Annual consumption by marine mammals  Zooplankton was also consumed in large quantities by

 Mean annual consumption for mysticetes ranged from the mysticetes, with 80% CIs for annual consumption
 18 000 metric tons/yr (1 metric ton =1 Mg) for right whales ranging around 2000-90000 metric tons/yr for both fin
 to 320000 metric tons/yr for fin whales (Table 3), after whales and sei whales (Table 3, Fig. 4). Fish consumption
 expanding daily per capita consumption by abundance was greatest for fin whales and minke whales feeding on
 and residential ratio over the year. Probability distribu- clupeids (80% CIs ranging up to 71 000 metric tons/yr; Fig.
 tions of annual consumption estimates produced by the 4), and humpback whales feeding on sandlance (80% CI of
 Monte Carlo simulations were one-tailed for all marine 600-25 000 metric tons/yr; Fig. 4).
 mammal species, with large consumption estimates being Being primarily piscivores, the odontocetes had diets
 possible, but generally having a very low probability. An dominated by finfish and larger pelagic invertebrates
 example is given for humpback whales, which consumed a including squid (72% for pilot whales), miscellaneous
 mean of 48 000 metric tons/yr with an 80% CI of 3800- fish (24% for common dolphins and 50% for bottlenose
 120000 metric tons/yr (Fig. 3A). The odontocetes dolphins), small gadids (25% for Atlantic white-sided
 generally consumed less than the mysticetes due to their dolphins, and 32% for harbor porpoise), and scombrids
 smaller size, with average annual consumption ranging (21% for common dolphins and 14% for pilot whales);
 from 3500 metric tons/yr for harbor porpoise to 85000 see Appendix: Table A6. Squid was the dominant prey
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 Table 3. Extended.

 Prey consumption, by group (thousands of metric tons/yr)

 Meso-pelagics
 Benthic

 Misc. fish invertebrates Squid Shrimp Zooplankton  Total

 1.1(0.004,3.2) 10.7(0.3,26.4) 11.4(0.4,29.3) 200(14.7,538) 34.8(2.1,90.2) 316.1(23.2.835.6)
 9.1 (0.4,21.8) 0.5(0.005,1.0) 17.7(1.2,44.5) 1.0(0.003,5.8) 48.4(3.8,121.5)

 2.7(0.07,6.8) 15.1(1.3,38.7) 17.7(1.5,45.1)
 1.5(0.02,3.2) 3.5(0.09,14.9) 4.9(0.19,12.7) 29.0(1.8,70.1) 37.4(2.9,91.4) 89.4(7.2,218.7)

 1.4(0.03,3.4) 0.6(0.009,1.7) 31.7(1.9,80.9) 0.8(0.01,1.8) (8.6)
 0.4(0.03,1.2) 7.7(2.3,14.3) 0.7(0.09,2.0) 61.1 (34.5,90.9) 85.2(48.8,126.5)

 0.0015(0.0004,0.002) 2.4(1.0,4.0) 0.02(0.001,0.04) 0.7(0.1,1.5) 0.002(0.0005,0.004) 4.7(2.1,7.9)
 0.9(0.18,2.0) 0.6(0.1,1.3) 0.1 (0.005,0.3) 2.3(1.1,3.7) 11.1 (5.4,17.9)

 7.0(1.2,15.3) 20.9(6.0,40.5) 0.1 (0.04,0.2) 19.6(4.8,39.9) 87.7(37.7,149.9)
 0.1 (0.005,0.2) 0.5(0.06,1.2) 0.02(0.001,0.04) 0.1 (0.02,0.3) 0.03(0.006,0.07) 3.5(1.4,6.1)

 1.7(0.3,3.9) 0.1 (0.02,0.2) 0.6(0.09,1.4) 0.01 (0.0,0.017) 20.5(10.3,32.5)
 9.7(3.5,17.2) 1.1 (0.2,3.0) 6.8(1.4,13.9) 0.6(0.16,1.3) 97.7(49.0,156.8)

 10.7(2.8,29.7) 67.3(31.5, 114.0) 2.2(0.5,6.1) 108.6(65.1,158.6) 282.7(23.4,738.7) 88.8(7.4,226.3) 881.0(343.6,1783.4)

 for the odontocetes, for which the 80% CI for pilot (0.39-0.49 regression coefficients; Appendix: Fig.
 whale consumption of squid was 35000-91000 metric A1F-J) and most mysticetes (0.21-0.32; Appendix:
 tons/yr (Table 3, Fig. 4). Due to their larger body sizes, Fig. A1A, B, D, E). Residence ratios were the next
 pilot whales also dominated the odontocete consump- most influential parameter for odontocete and mysti
 tion of miscellaneous fish (80% CIs of 6000-41000 cete annual consumption estimation (0.18-0.41 and
 metric tons/yr), whereas common dolphins dominated 0.12-0.16, respectively), with daily consumption pa
 the consumption of scombrids due to their abundance rameters being the least influential (-0.43-0.03 for
 (80% CIs of 4300-37 000 metric tons/yr). odontocetes). By contrast, diet was the most influen

 Pinnipeds are generalist feeders with predominantly tial parameter for right whales (0.18 regression
 piscivorous diets including sandlance (34% for gray seals coefficients for both Zooplankton and shrimp; Appen
 and 25% for harbor seals), small gadids (9% for gray dix: Fig. A1C) and pinnipeds (around 0.30 for harbor
 seals and 20% for harbor seals), large gadids (19% for seal consumption of both flatfish and sandlance, as
 gray seals and 10% for harbor seals), flatfish (14% for well as for gray seal consumption of clupeids and
 gray seals and 13% for harbor seals), and clupeids (10% sandlance; Appendix 1: Fig. A1K, L). This is due to
 for gray seals and 13% for harbor seals); see Appendix: the abundance estimates of right whales and pinnipeds
 Table A6. Although individual gray seals are heavier being fairly precise (CVs less than 0.34) and seals not
 than harbor seals, annual consumption of any one prey migrating annually out of NEUS waters to the extent
 group was greater for harbor seals due to their higher that some cetaceans do. Diet was also the most
 abundance, including 7800-46 500 metric tons/yr of influential parameter when estimating consumption of
 sandlance, 8500-34000 metric tons/yr of small gadids, individual prey groups, as seen in the example of
 1800-28 000 metric tons/yr of flatfish, and 4800-21 000 sensitivity analyses for humpback whales (Fig. 3B-D).

 metric tons/yr of clupeids (Table 3, Fig. 4). Gray seals Q mammal consumption t0 comrnercial
 primarily targeted sandlance, with an 80% CI of 3400- ofprey igs
 13000 metric tons/yr for sandlance consumption (Table
 3, Fig. 4). For most of the six prey groups, mean marine
 'For the 12 species of marine mammals combined, mammal consumption was similar in magnitude or

 shrimp was the most targeted prey, with an 80% CI of higher than commercial fisheries catch (Fig. 5B, C).
 the combined consumption ranging from 23000 to Annual marine mammal consumption was 90-150% of
 740000 metric tons/yr (Table 3, Fig. 5A). Squid were commercial catch for large gadids, clupeids, scombrids,
 consumed in the next greatest prey biomass, with 80% anc* flatfish, and was as much as 3-4 times higher than
 CIs of 65000-160000 metric tons/yr, followed by commercial catch for small gadids and squid (Fig.
 clupeids at 28000-190000 metric tons/yr, sandlance at
 27000-150000 metric tons/yr, miscellaneous fish at Discussion
 32000-110000 metric tons/yr, scombrids at 20000
 100000 metric tons/yr, and Zooplankton at 7400- Daily per capita consumption parameters
 230000 metric tons/yr (Table 3, Fig. 5A). As reported in previous studies (e.g., Kleiber 1975),

 analyses of a and ß consumption parameters suggested
 Sensitivity analyses of consumption estimates ^ reasonable ranges of marine mammal consumption

 Abundance was the most influential parameter estimates could be achieved with ß values close to 0.75.
 when estimating annual consumption for odontocetes However, consumption parameters associated with

 Prey consumption, by group (thousands of metric tons/yr)

 Meso-pelagics
 Benthic

 Misc. fish invertebrates Squid Shrimp Zooplankton  Total

 1.1(0.004,3.2) 10.7(0.3,26.4) 11.4(0.4,29.3) 200(14.7,538) 34.8(2.1,90.2) 316.1(23.2.835.6)
 9.1 (0.4,21.8) 0.5(0.005,1.0) 17.7(1.2,44.5) 1.0(0.003,5.8) 48.4(3.8,121.5)

 2.7(0.07,6.8) 15.1 (1.3,38.7) 17.7(1.5,45.1)
 1.5(0.02,3.2) 3.5(0.09,14.9) 4.9(0.19,12.7) 29.0(1.8,70.1) 37.4(2.9,91.4) 89.4(7.2,218.7)

 1.4(0.03,3.4) 0.6(0.009,1.7) 31.7(1.9,80.9) 0.8(0.01,1.8) (8.6)
 0.4(0.03,1.2) 7.7(2.3,14.3) 0.7(0.09,2.0) 61.1 (34.5,90.9) 85.2(48.8,126.5)

 0.0015(0.0004,0.002) 2.4(1.0,4.0) 0.02(0.001,0.04) 0.7(0.1,1.5) 0.002(0.0005,0.004) 4.7(2.1,7.9)
 0.9(0.18,2.0) 0.6(0.1,1.3) 0.1 (0.005,0.3) 2.3(1.1,3.7) 11.1 (5.4,17.9)

 7.0(1.2,15.3) 20.9(6.0,40.5) 0.1 (0.04,0.2) 19.6(4.8,39.9) 87.7(37.7,149.9)
 0.1(0.005,0.2) 0.5(0.06,1.2) 0.02(0.001,0.04) 0.1(0.02,0.3) 0.03(0.006,0.07) 3.5(1.4,6.1)

 1.7(0.3,3.9) 0.1 (0.02,0.2) 0.6(0.09,1.4) 0.01 (0.0,0.017) 20.5(10.3,32.5)
 9.7(3.5,17.2) 1.1 (0.2,3.0) 6.8(1.4,13.9) 0.6(0.16,1.3) 97.7(49.0,156.8)

 10.7(2.8,29.7) 67.3(31.5,114.0) 2.2(0.5,6.1) 108.6(65.1,158.6) 282.7(23.4,738.7) 88.8(7.4,226.3) 881.0(343.6,1783.4)
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 similar daily per capita consumption estimates can result incorporating uncertainty of consumption parameters
 in drastically different consumption estimates when ot may be to sample from pairs of consumption parame
 and ß values are combined independently (Fig. 2A), ters. When parsed into similar species groups, a pattern
 illustrating why a and ß consumption values should not generally emerged showing a and ß values that fell along
 be considered independently. A better method for a contour of similar daily per capita consumptions. The
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 Fig. 4. Annual consumption of prey groups by marine mammal species on the Northeast U.S. continental shelf. Vertical bars
 represent the 80% CIs.

 points that deviated more than 50% from the mean followed biological theories such as smaller odontocetes
 consumption estimates produced exceptionally high or having higher energy requirements needed to thermo
 low daily per capita consumption values that may not be regulate smaller body sizes in cold water, and to support
 representative of general feeding habits. For the their active life styles (Spitz et al. 2010). However, in the
 pinnipeds, the two high outlying points were from case of mysticetes where very few empirical data exist
 growing juvenile otariids (fur seals and sea lions) that and previous studies have used a broad range of
 had significantly higher ingestion rates than adult parameters to estimate consumption, it was not possible
 otariids (Innés et al. 1987Ä), and from a generic rate of to determine outliers. Thus, a broader range of
 all mammals that Hammill et al. (1995) borrowed from consumption parameters was used to incorporate the
 Kleiber (1975), which may differ from pinniped inges- full uncertainty associated with the estimates. This range
 tion rates. For the odontocetes, the two low outlying should be refined as additional research is conducted to
 points were both from aggregations of all marine ground-truth the estimates of a and ß for these large
 mammals (Kleiber 1975, Innés et al. 19876), which cetaceans,
 may not be representative of the higher metabolic rates
 expected for odontocetes (Spitz et al. 2010). Estimates of consumption by marine mammals

 Using our criteria to select consumption parameters, An important result from this study was the
 we obtained ranges of daily per capita consumption that characterization of uncertainty for the marine mammal
 agreed with previous empirical estimates of daily consumption estimates. Confidence intervals for annual
 consumption (Gaskin 1982, Trites et al. 1997) and consumption estimates varied by factors of two to
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 800 A) Ail marine mammals 2008) reported individual cetacean consumption to be
 1.5-2.5 times higher than mean estimates found in this
 study. Studies that estimated higher daily consumption
 generally focused on areas and times of high productiv
 ity and concentrated feeding activity for marine
 mammals (Bushuev 1986, Leaper and Lavigne 2007).
 Others estimated individual daily consumption rates
 that were toward the lower end (Hain et al. 1992,
 Folkow et al. 2000, Tamura et al. 2009). Discrepancies
 may be due to assumptions made about residence time,
 feeding during migrations, or due to the empirical
 method used to determine daily consumption, such as
 stomach content (e.g., Vikingsson 1997). In general,
 mean mass of stomach contents reported in previous
 research (Fontaine et al. 1994) was less than daily
 consumption estimates, which could indicate that most
 species fed more than once a day. Given the variability
 of previous approaches and results, we assert that our
 approach provides one method to bound these estimates
 in the context of annual mean consumption.

 Sensitivity analyses indicated that abundance esti
 mates and residency ratios were the most influential
 parameters when estimating mysticete and odontocete
 annual consumption. This reflects the relatively high
 CVs for these two factors. Due to the lack of

 information on the proportion of the year that many
 of these species inhabit the shelf and the unknown
 interannual variability in this proportion, we assumed a
 50% CV. If this assumed value were too high, the
 relative importance of this factor would be overestimat
 ed. A large component of the CVs for the abundance
 estimates is due to the fact that the species are naturally
 highly aggregated. Additionally, CVs for on-shelf
 abundance estimates naturally increased over CVs for
 the entire population.

 Diet compositions had relatively low impacts on
 estimated annual consumption because animals have

 prey group, (B) total consumption of commercially important 1° consume minimum quantities of food to sustain
 prey for all marine mammals, and (C) commercial catch by themselves, regardless of what prey items they con
 species group. Solid squares represent means. Vertical bars sumed. However, when estimating the annual consump
 represent the 80% CIs for marine mammal consumption and tjon f a ific b a marine mammal
 CVs tor commercial catch. r 5 .

 species, the effect of diet composition was generally the
 most influential, as was found in previous studies

 almost 40, and incorporated the uncertainty of each (shelton et al 1997> Qverholtz and Link 2007).
 input parameter. These orders of magnitude for Although perhaps initially counterintuitive, it is rational
 uncertainty estimates are similar to those in previous that abundance or daily per capita consumption
 studies (Mohn and Bowen 1996, Overholtz and Link estimates for a marine mammal species make little
 2007), and appropriate caveats should be included to difference in determining consumption of prey species
 address this uncertainty when estimating marine mam- that are rarely eaten Accurate marine mammal abun
 mal consumption and prey removal, or when incorpo- dance and annuai residency estimates are therefore
 rating either of these into ecosystem models. critical for annual marine mammal consumption esti
 Daily per capita consumption estimates varied great- mates or modeling, and diet compositions are especially
 ly, illustrating the need to understand why these important when specific prey groups are being consid
 estimates varied and to improve techniques to better ered.
 confine these ranges. Some studies estimated daily per It is important to estimate prédation based on specific
 capita consumption similar to that found in this study temporal and regional overlap of predators and prey in
 (Markussen et al. 1992, Read and Brownstein 2003), any ecosystem. Studies that have included marine
 whereas others (Smith and Gaskin 1974, Stevick et al. mammal abundance data from the entire NEFSC

 Fig. 5. (A) Total consumption for all marine mammals by

 A) All marine mammals 800 -i '

 g^ g^ A#" J? ^ <sO® gp* g#
 / <^VVV

 /«/ * vV /
 Kv3

 £>

 co B) All marine mammals O 200- '

 Fig. 5. (A) Total consumption for all marine mammals by
 prey group, (B) total consumption of commercially important
 prey for all marine mammals, and (C) commercial catch by
 species group. Solid squares represent means. Vertical bars
 represent the 80% CIs for marine mammal consumption and
 CVs for commercial catch.
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 marine mammal survey area to estimate consumption sumption has with species at other trophic levels of the
 (Read and Brownstein 2003, Overholtz and Link 2007) ecosystem.
 may substantially overestimate prey-specific consump- Although consumption by marine mammals may be
 tion for prey species that are largely confined to shelf similar in magnitude to commercial fishing for some
 waters. One of the greatest differences between this commercially important prey groups, this study agrees
 study and previous studies is that the marine mammal with previous research that the majority of the total
 abundance estimates were reduced to only the abun- consumption occurs on prey not targeted by commercial
 dance on the NEUS shelf, which removed the percentage fishing (Hammill and Stenson 2000, Kaschner 2004,
 of the population that may be feeding on other prey Savenkoff et al. 2008), such as euphausiids and
 (Craddock and Polloni 2009). In addition to spatial sandlance, or on prey groups that are abundant, such
 overlap, temporal overlap with prey is also very as squid and, in some years, clupeids. Although
 important in estimating prédation, especially for highly commercially targeted shrimp such as pandalids are
 mobile and migratory predators such as whales. To included in the prey category "shrimp," euphausiids
 account for migration of mammals outside of the NEUS constitute the vast majority of the biomass consumed in
 shelf during portions of the year, this study included a the shrimp prey category. Similarly, squid prey in diet
 residency ratio and expanded daily per capita consump- studies often included species not targeted by commer
 tion to only the relevant portion of the year in which cial fisheries (Gonzalez et al. 1994, Trites et al. 1997),
 predators and prey overlap. When accounting for these and the two squid species commercially targeted in the
 differences, the annual consumption estimates for most NEUS are currently not considered to be overfished
 marine mammals were generally comparable to those of (NEFSC 2006, 2011). In addition, marine mammals
 previous studies (e.g., Hain et al. 1992, Read and often select smaller sizes of prey than are targeted by
 Brownstein 2003, Overholtz and Link 2007). commercial fisheries (Bowen et al. 1993, Gannon et al.

 Although input parameters may be improved by 1998). Thus, direct and indirect interactions between
 continued research, this work shows that estimating the marine mammal consumption and commercial fishing
 general range of metabolic demand of these mammals may be lower than expected from total consumption
 can be executed. This information has been used directly estimates.
 in stock assessments to improve natural mortality Prédation on groundfish is of particular interest in this
 estimates for prey species (NEFSC 2012). Accurate study area, especially in eastern Canadian waters where
 consumption estimates are also important for improving seal populations have increased substantially in recent
 marine mammal interactions in ecosystem models, years (Waring et al. 2011), and fisheries closures have
 which can be used to address questions regarding been implemented because of low cod populations,
 trade-offs between fishery yields and marine mammal Estimates from this study indicate that, on average, gray
 prey requirements (e.g., Gerber et al. 2009, Morissette et seals consumed 12% of the amount of large gadids
 al. 2010, 2012). Additionally, estimates of marine harvested by commercial fisheries, and harbor seals
 mammal consumption can be used to improve growth consumed 28%. This consumption includes several
 estimates and projections of marine mammal stock species of gadids, some of which are currently at high
 recovery, because prey availability can affect growth and population abundance, such as haddock (NEFSC
 successful reproduction (Haug et al. 2002, Klanjscek et 2008a). Although we were unable to fully investigate
 al. 2007, Hlista et al. 2009). Therefore, understanding interannual variability of marine mammal diets, it is
 the food requirements of marine mammals is important likely that cod consumption by seals in the United States
 for monitoring the health of the populations, which can is currently a relatively low percentage of the large gadid
 be especially critical for endangered species. prey consumption, because Atlantic cod stocks are

 currently overfished (NEFSC 20086), and prédation
 Comparing marine mammal consumption to commercial mortality from seals decreases with prey abundance

 fisheries catches of prey species (Savenkoff et al. 2007). Therefore, consumption of cod
 The comparison of marine mammal consumption to is likely to be comparable to that in previous research

 commercial fisheries catch presented in this study and is likely to be lower than in Canadian waters (Mohn
 provides an order-of-magnitude contrast of these and Bowen 1996). Some studies indicate that the higher
 consumption estimates. Mean marine mammal con- seal prédation rates in Canada may be contributing to
 sumption for all prey groups that primarily contain the slow cod recovery in that region, but the lower seal
 commercially harvested prey is similar in magnitude or populations in U.S. waters may not have the same
 greater than commercial catch, as found in other areas impact on cod stocks. Additionally, seals are unlikely to
 of the world (Trites et al. 1997, Tamura and Ohsumi have caused declines in cod stocks in the United States,
 2000). On the NEUS shelf, the large amount of prey as studies indicate that even with the relatively high
 consumed illustrates the importance of marine mammal levels of prédation in Canada, overfishing was more
 consumption in the ecosystem, and the need for further likely the cause of the cod stock collapse than was
 research to determine the interactions that this con- prédation (Mohn and Bowen 1996, Bundy et al. 2009).
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 Caveats for comparing marine mammal consumption
 to fisheries catch include the fact that consumption
 could not be estimated by individual prey species,
 because taxonomic detail of published prey items varied
 widely. Diet compositions also had to be drawn from
 distant regions for many marine mammals, resulting in
 prey category approximations based on species of
 similar taxa. Additionally, most prey groups contain
 species that are not commercially targeted, and therefore
 may overestimate marine mammal consumption relative
 to commercial fishery catch. Caution should therefore be
 used when comparing marine mammal consumption
 and commercial catch for prey groups. Additional
 context can be provided by comparing marine mammal
 consumption to fish consumption for similar prey. A
 recent stock assessment of Atlantic herring (NEFSC
 2012), which incorporated marine mammal consump
 tion estimates from this work, found that annual
 consumption of herring by 13 top predator fish species
 generally ranged from estimates similar to those of
 marine mammaj consumption to five times higher. Also
 in our study area, Overholtz and Link (2007) found that
 Atlantic herring consumption by demersal fish was
 generally greater than consumption by marine mam
 mals. Globally, Trites et al. (1997) found that fish
 consumption in the Pacific was two to more than 20
 times the marine mammal consumption of prey groups.
 Bundy et al. (2009) found that although piscivorous fish
 consumption was higher than marine mammal con
 sumption in four northwest Atlantic ecosystems prior to
 cod collapse, this consumption has been at least partially
 replaced by marine mammal consumption as seal
 populations have increased. However, Bundy et al.
 (2009) found that resource overlap indices were low
 between marine mammal consumption and commercial
 fisheries catch, and that marine mammals generally
 targeted lower trophic level species than did fisheries. In
 general, marine mammal consumption is similar to or
 lower than fish consumption of similar prey groups.

 Although the estimates from this study indicate that
 marine mammal consumption may be important to
 specific prey taxa, attempts to increase prey populations
 by reducing marine mammal populations may in fact
 have no, or detrimental, effects on prey populations
 (Morissette et al. 2006, Savenkoff et al. 2008, Gerber et
 al. 2009, Morissette et al. 2012). This may be due to
 indirect trophic effects (Butterworth et al. 1995, Punt
 and Butterworth 1995, Yodzis 1998). As in any system,
 the many secondary effects that occur from the removal
 of top predators such as marine mammals may lead to
 unknown or undesirable consequences to ecosystems
 (Yodzis 2000, Springer et al. 2003). Therefore, studies
 that do not incorporate the indirect prédation effects
 (e.g., Stefânsson et al. 1997, Butler et al. 2006) may be
 oversimplifying the system when speculating that the
 presence of marine mammals negatively impacts com
 mercially targeted stocks. This is illustrated by the fact
 that prédation by other fish in the ecosystem may be

 comparable to, or even an order of magnitude higher
 than, consumption by marine mammals (Trites et al.
 1997, Overholtz and Link 2007, Bundy et al. 2009).

 Conclusions

 The global controversies surrounding how much and
 of what marine mammals consume, their interactions
 with fisheries, and how these factors impact their
 protection, are prominent management issues (e.g.,
 Savenkoff et al. 2008, Corkeron 2009, Gerber et al.
 2009) that require reliable estimates of marine mammal
 consumption and uncertainty to be addressed. We have
 provided reasonable parameter ranges to estimate per
 capita consumption, and any parameters outside of
 these ranges should be questioned. Further, we have
 demonstrated that marine mammal abundance and

 residency were most influential when estimating marine
 mammal consumption, and diet compositions were most
 influential when estimating consumption of particular
 prey. Although many confidence intervals that we
 provide are large, we have demonstrated that they can
 be quantified. Given the challenges of improving
 empirical estimates, quantifying consumption uncertain
 ty is important, and we recommend that future efforts
 similarly provide ranges bounding any estimates of
 marine mammal consumption.

 Finally, marine mammal consumption maybe similar
 in magnitude to fisheries removals for some prey taxa.
 However, evaluating such consumptive removals needs
 to address the specific spatiotemporal overlap of the
 predators and prey in the local ecosystem. Furthermore,
 when applying consumptive removals in a management
 context, broader ecosystem considerations need to be
 incorporated, such as indirect food web interactions
 (Punt and Butterworth 1995, Yodzis 2000, Gerber et al.
 2009). Certainly, ascertaining the scope, extent, and
 impact of these species interactions' remains an impor
 tant challenge, and detailed information on marine
 mammal consumption is needed. The approach that we
 present here elucidates a more quantitatively rigorous
 manner in which to approach and contextualize such
 estimates. Doing so represents an important step as
 marine mammal and fisheries science move toward

 ecosystem-based fisheries management (Leaper and
 Lavigne 2007, Forcada et al. 2009, Link 2010).
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