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Abstract 14 


 Apex predators can exert top-down pressure on the ecosystems in which they reside and influence 15 


the abundance and dynamics of prey populations. As interest increases in ecosystem-based management, 16 


understanding trophic interactions in ecosystems is important. In the North Pacific Ocean, the salmon 17 


shark (Lamna ditropis) is an endothermic top predator whose prey includes fish species that are of 18 


conservation concern as well as commercial and cultural significance. The extent of prey consumption by 19 


salmon sharks and their role in the North Pacific ecosystem are unknown. This study used an extension of 20 


multimodel inference to compare potential levels of biomass consumed by individual, adult salmon 21 


sharks using three methods: 1) daily ration requirement, 2) bioenergetic mass balance, 3) and derived 22 


from a von Bertalanffy growth curve fit using Bayesian methods. The range of per capita consumption 23 


estimates from all methods was 1,490 – 16,900 kg∙yr-1. The lowest estimate was produced by the daily 24 


ration requirement that was based on parameter estimates from related species, while the highest estimate 25 


was produced by the growth model method that used the most salmon shark-specific data. Our results 26 


suggest that the energetic requirements of salmon sharks may be higher than other lamnids and may result 27 


in the removal of a large amount of biomass of prey from the North Pacific. This level of intense 28 


predation highlights the potentially large contribution of salmon sharks to cumulative mortality of prey in 29 


the North Pacific and underscores the potential role of this species as apex predators in the North Pacific 30 


ecosystem. 31 


 32 
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1. Introduction 34 


 Top-down forcing in an ecosystem occurs when upper trophic level consumers exert control on 35 


the abundance and dynamics of lower trophic level organisms through direct and indirect interactions 36 


(Ainley, 2007; Estes, 1998; Frank, 2005). In marine ecosystems, including the North Pacific, large sharks 37 


are generally considered to be positioned at the top of the food web (Heithaus et al., 2010; Wetherbee et 38 


al., 2004). However, the effects of shark predation on prey communities is poorly understood and may 39 


vary with ecosystem complexity (Grubbs et al., 2016). Determining the influence of predators on their 40 


prey requires knowledge of diet, energetic requirements, and population size of the predator, as well as 41 


demographic information of prey populations (Williams et al., 2004). Given the desire by many 42 


management agencies to enact an ecosystem-based approach to fisheries management (Barnes et al., 43 


2005; National Research Council, 1999), it has become increasingly important to understand the trophic 44 


interactions that make up marine food webs (Curtin and Prellezo, 2010). Though some studies on upper 45 


trophic level organisms and top-down forcing have shown effects on prey populations (Estes, 1998), they 46 


are relatively sparse. This is likely due to the highly mobile and long-lived nature of top predators (Baum 47 


and Worm, 2009), which is further exacerbated by the challenge of aligning predator and prey 48 


demographic information in space and time. The difficulty of sampling and studying apex predators 49 


makes the estimation of predation rates and prediction of the outcome of trophic interactions a challenge 50 


(Essington et al., 2001). 51 


 In the North Pacific, salmon sharks (Lamna ditropis, family Lamnidae) are opportunistic 52 


predators that occupy a high trophic level (Bizzarro et al., 2017; Hulbert et al., 2005; Williams et al., 53 


2010). Widely distributed in the region (35°N–70°N) (Compagno, 1984; Mecklenburg et al., 2011), adult 54 


salmon sharks range from 180 to 210 cm pre-caudal length (PCL), can weigh more than 220 kg, and can 55 


live to over 30 years in age (Tanaka 1980 in Nagasawa, 2002; Goldman and Musick, 2006). All sharks in 56 


the family Lamnidae are endothermic, meaning they maintain an internal temperature elevated over that 57 


of ambient water. Salmon sharks express the highest degree of endothermy among lamnids, with a body 58 
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temperature differential of 18–21°C above ambient (Goldman et al., 2004). While endothermy is almost 59 


certainly adaptive by increasing foraging success of salmon shark in cold, yet highly, productive northern 60 


waters, it comes at a high energetic cost that incurs similarly high energetic demands (Block and Finnerty, 61 


1994; McNab, 2002; Watanabe et al., 2015a).  62 


Despite difficulties in the study of apex predators, several studies have demonstrated that top 63 


predators can influence the abundance of mid-level consumers (Ainley, 2007; Bornatowski et al., 2014; 64 


Estes, 1998; Frank, 2005; Navia et al., 2010). For example, in western Alaska, increased killer whale 65 


(Orcinus orca) predation precipitated the decline of sea otters (Enhydra lutris), which has resulted in 66 


further changes in the kelp forest ecosystem (Estes, 1998). In the coastal Gulf of Tortugas, Columbia, and 67 


southern Brazil, the ecological importance of various species was evaluated using network analysis; 68 


results suggested that large shark species, including tiger sharks (Galeocerdo cuvier) and scalloped 69 


hammerhead sharks (Sphyrna lewini), may contribute to the regulation of their prey (Bornatowski et al., 70 


2014; Navia et al., 2010). In the North Atlantic, in and outside the Bay of Fundy, high predation rates in 71 


the coastal zone by porbeagle sharks (Lamna nasus) and Atlantic bluefin tuna (Thunnus thynnus) may 72 


contribute to the nearly complete recruitment failure of local Atlantic salmon (Salmo salar) (Lacroix, 73 


2014). 74 


As a result of their body size, mobility, and energetic requirements, salmon sharks have the 75 


potential to exert top down forcing on prey species in the North Pacific Ocean (Williams et al., 2004). 76 


The extent of this forcing depends on their diet composition, consumption rate, and abundance of salmon 77 


sharks. Although the exact diet composition of salmon sharks is unknown, they are believed to be 78 


generalists and consume a wide variety of prey (Goldman and Musick, 2008; Hulbert et al., 2005).  79 


Generalist predators, including other lamnids, have been shown to seasonally specialize on certain prey 80 


items. Specifically, shortfin mako sharks are known to specialize on bluefish (Pomatomus saltatrix) off 81 


the northeast coast of the US in early spring (Stillwell and Kohler, 1982; Wood et al., 2009), and white 82 


sharks (Carcharodon carcharias) near Año Nuevo, California, specialize on juvenile pinnipeds in the fall 83 
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(Klimley et al., 2001). Salmon sharks have been observed concentrating in large numbers in Prince 84 


William Sound, Alaska, and Queen Charlotte Sound, British Columbia, during Pacific salmon 85 


(Oncorhynchus spp.) runs, and it is likely that these sharks specialize on Pacific salmon during seasonal 86 


periods (Hulbert and Rice, 2002; Williams et al., 2010). Informal estimates of salmon shark consumption 87 


indicate that an appreciable proportion of adult salmon returns at both local (Hulbert and Rice, 2002) and 88 


basin-wide scales (Nagasawa, 1998) could potentially be consumed by these predators in a given year. 89 


However, there still exists significant uncertainty about the potential magnitude of per capita consumption 90 


and the resulting scale of impact on prey populations. 91 


   As a necessary first step to understand the role of salmon sharks in the North Pacific Ocean, and 92 


specifically in the Bering Sea and Aleutian Islands, we estimate potential levels of biomass consumption 93 


by adult salmon sharks. To understand uncertainty in our estimates, we adopt a multimodel inference 94 


approach to address a data-poor situation. Typically, multimodel inference has meant comparing the 95 


support from one data set for various hypotheses in a quantitatively rigorous way (Grueber et al., 2011; 96 


Millington and Perry, 2011), whereas here, we use disparate data sources and methods to generate 97 


predictions for the same quantity of interest, per capita consumption rates. The agreement (or 98 


disagreement) among consumption estimates acts as a measure of uncertainty in our results, in the 99 


absence of field ground-truthing. This unusual use of multimodel inference provides a means to address 100 


structural uncertainty in a descriptive study (Guthery et al., 2004; Stephens et al., 2007). Our approach 101 


uses three methods to calculate per capita consumption rates: 1) daily ration requirement, 2) bioenergetic 102 


mass balance, 3) and derived from a von Bertalanffy growth curve fit using Bayesian methods. Our 103 


methodology was not designed to produce single point estimates of biomass consumed by salmon sharks, 104 


but rather to generate a range of plausible consumption rates. Ranges produced here can be used in a 105 


variety of simulation scenarios for understanding the potential impact of salmon shark predation on the 106 


North Pacific Ocean food web.  107 
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2. Methods 108 


This study focuses on the northern most portion of the North Pacific, the Bering Sea, where 109 


salmon sharks are known to occur (Mecklenburg et al., 2011; Seitz and Courtney, 2016). Further, this 110 


study was motivated by several observations of predation on socially and ecologically important Chinook 111 


salmon (Oncorhynchus tshawytscha), combined with over a decade of low abundance of this species in 112 


the Bering Sea region (Gisclair, 2009; Hilsinger et al., 2009; Howe and Martin, 2009; Menard et al., 113 


2009; Poetter, 2015; Schindler et al., 2013). Though this study does not examine specific prey 114 


components, it serves as a starting point for understanding the role of salmon sharks as predators in the 115 


Bering Sea.  116 


2.1 Focal species life history 117 


In the study area, all salmon sharks were assumed to be sexually mature due to the observed 118 


ontogenetic spatial stratification of the population (Carlisle et al., 2011; Goldman and Musick, 2008), in 119 


which only relatively large individuals are documented in the northern extent of its range. Additionally, 120 


the salmon shark population appears to be sexually segregated with the western North Pacific dominated 121 


by males, while the eastern North Pacific appears to be dominated by females (Goldman and Musick, 122 


2008; Hulbert et al., 2005). The pattern of sexual segregation at the extreme northern extent of their range 123 


is relatively unknown, and because the study area is the meeting of the western and eastern North Pacific, 124 


the sex ratio for salmon sharks was assumed to be 1:1.  125 


Mating occurs around September and gestation is estimated to be nine months. Parturition occurs 126 


in the late spring and early summer, and litter size is between three and five young (Conrath et al., 2014).  127 


Salmon sharks give birth to live young, known as pups, and this is thought to occur in the North Pacific 128 


Transition Zone (Carlisle et al., 2014; Goldman and Musick, 2006; Weng et al., 2005). Females have a 129 


two year reproductive cycle with approximately 14 months of rest between pregnancies (Conrath et al., 130 


2014; Goldman and Musick, 2008). Female salmon sharks grow slightly larger than males (maximum 131 
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difference: ~20–30 cm PCL (Goldman and Musick, 2006), however one average size was used for both 132 


sexes when necessary. 133 


2.2 Daily ration requirement 134 


A daily ration requirement is the average percent of an individual’s body mass that is consumed 135 


daily (% body mass∙day-1). Because a daily ration requirement has not been calculated for this species, 136 


ration requirements from literature on other lamnid species were combined and used as an estimate for 137 


salmon sharks (Table 1). To estimate a new daily ration requirement, values reported for white sharks 138 


(Semmens et al., 2013) and shortfin mako sharks (Stillwell and Kohler, 1982; Wood et al., 2009), 139 


hereafter referred to as makos, were resampled using a parametric bootstrap procedure (Efron and 140 


Tibshirani, 1994). A normal distribution with the cumulative mean and standard deviation of ration 141 


requirements from these other species was specified and ten thousand random samples were drawn from 142 


this distribution. All samples <0 were (n = 408) discarded. Five thousand bootstrap samples of the same 143 


size as inputs (n=3) were sampled with replacement from the bootstrap universe and bootstrap means 144 


were calculated for each sample. The daily ration requirement for salmon sharks was taken to be the mean 145 


of the bootstrap means and the 95% bootstrap interval around the estimate is the 2.5 and 97.5 percentile of 146 


the bootstrap means. The resulting daily ration requirement, therefore, accounted for both observation 147 


uncertainty and variation in ration requirements across closely related species. To translate percentage 148 


values of prey consumed compared to body mass to kg of prey required by an individual shark, the 149 


percentage estimate and its confidence interval were multiplied by the average weight of an adult salmon 150 


shark (132 kg, adapted from Goldman and Musick , 2006). 151 


2.3 Bioenergetic mass balance 152 


 Bioenergetics models estimate the sum of an animal’s energy expenditures to calculate how much 153 


energy that animal must consume to meet its energetic requirements. The bioenergetics approach for this 154 


study followed the form commonly used for teleost fishes, which has been applied to blue sharks 155 


(Prionace glauca) (Schindler et al., 2002) and shortfin mako sharks (Wood et al. 2009). The total annual 156 
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energy required by an individual salmon shark (Cnrg), was calculated as the sum of energy used for 157 


metabolism, digestion (specific dynamic action), excretion (urine and feces), growth, and reproduction: 158 


(1) Cnrg = M + SDA + (F + Ur) + G + Rp 159 


 where M = metabolism; SDA  = specific dynamic action; F and Ur = excretion; G = growth over 160 


one year; and Rp = reproduction. The point estimate for, and uncertainty around, the annual energy 161 


requirement was calculated by drawing 1,000 samples from the distribution of each model component 162 


where uncertainty was reported (Table 2). 163 


Metabolism (M) was be assumed to be active since salmon sharks are obligate ram ventilators and 164 


must swim continuously to ventilate their gills. To estimate active metabolism, mean VO2 was calculated 165 


using swimming speeds (U) from Weng et al. (2008) and Watanabe et al. (2015)  following the 166 


relationship:  167 


(2) VO2 = 506.42U + 201.39  (Wood et al., 2009).  168 


VO2 was then converted to energy consumed using the oxygen calorific constant of 13.6 J∙mgO2
-1 169 


(Schindler et al., 2002).  170 


In the calculation of energy allocated to growth (G), the parameters of a von Bertalanffy growth 171 


curve reported by Goldman and Musick (2006) were used. For each replicate estimation of consumption, 172 


a value was drawn from the range of values reported by Goldman and Musick (2006) for each growth 173 


model parameter (L∞ , k, and to) and the length at adult salmon shark ages (5 – 30 years) was calculated 174 


(Table 2). Length-at-age was then translated to weight-at-age using the length-weight relationship 175 


reported by Goldman and Musick (2006). Growth per year for an adult salmon shark was estimated by 176 


subtracting weight the previous year (t-1) from weight at a given year (t). Average adult growth (in 177 


kilograms) for each replicate was calculated by taking the mean of these changes in weight. Finally, 178 


kilograms of growth were translated into megajoules (MJ) using the wet-weight energy density value of 179 
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5562 kJ∙kg-1 from makos (Wood et al., 2009), which was calculated from dry weight energy density of 180 


20.6 kJ∙g-1 measured by bomb calorimetry (Steimle and Terranova, 1985), by assuming a 73% water 181 


content (Wood et al., 2009).   182 


Energy for reproduction (Rp) was calculated for females and was assumed to be negligible for 183 


males (Wood et al., 2009). Reproductive growth for females was be calculated by assuming the following 184 


reproductive characteristics: mean litter size = 3.88 (Conrath et al., 2014), mean size at birth = 625 mm 185 


PCL (Tanaka 1980 in Nagasawa 1998), and 2-year reproductive cycle (Conrath et al., 2014); and an 186 


energy density value of 5562 kJ∙kg-1 for pups (Wood et al., 2009). A normal distribution for pup length 187 


was created from the range reported by Tanaka (1980) in Nagasawa (1998), and a normal distribution of 188 


number of pups was specified by the mean and standard deviation reported by Conrath et al. (2014). Pup 189 


length and number of pups per litter were randomly drawn for each replicate. Pup length was then 190 


translated into weight following:  191 


 (3)  Weight = 4.4E-0.5Length2.875 (Goldman and Musick, 2006). 192 


Total energy toward reproduction was calculated by multiplying pup weight and the number of pups in a 193 


litter. Energy towards reproduction was then discounted by the assumed sex ratio and biennial 194 


reproductive cycle. Finally, the estimated annual pup production in kilograms was translated into 195 


megajoules, using an energy density value of 5562 kJ∙kg-1 for pups (Wood et al., 2009).  196 


Energy used for digestion (SDA) and energy lost as waste (feces and urine, F+Ur) were a fraction 197 


of consumption. SDA was 10% of consumption (Sims and Davies, 1994, in Schindler et al., 2002) and 198 


excretion was 27% of consumption (Cortes and Gruber, 1994, in Schindler et al., 2002).  199 


One thousand random samples were drawn from distributions specified for each term (Table 2) 200 


and summed to produce estimates of energy required per year by an individual shark (kJ∙yr-1∙individual-1). 201 


The final estimate of energy required by a salmon shark was calculated as the mean of these thousand 202 


iterations and the 95% interval around the estimate is the 2.5 and 97.5 percentile samples.   203 
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The output of bioenergetic mass balance was in terms of energy consumed and was translated 204 


into biomass using energy density values for common prey items (Table 3) (Hulbert et al., 2005; Hulbert 205 


and Rice, 2002; Kubodera et al., 2007; Nagasawa, 1998) and three hypothetical diet proportion scenarios 206 


(Table 4). Diet scenarios were designed to examine different levels of consumption of prey species of 207 


interest, namely Pacific salmon.  Scenarios were specified to examine categories of  ‘high’, ‘medium’, 208 


and ‘low’ salmon consumption scenarios (Carlisle et al., 2011; Hulbert et al., 2005; Nagasawa, 1998). For 209 


this exercise, diets were integrated over a one year time frame. 210 


2.4 Bayesian Growth Modeling 211 


The final method of estimating per capita consumption used the von Bertalanffy growth function fit to 212 


back-calculated length-at-age data from Goldman and Musick (182 individuals, 2006). The growth 213 


function was fit in a hierarchical Bayesian framework, and parameter estimates were used to calculate 214 


annual consumption requirements. Using Bayesian estimation methods provided uncertainty in parameter 215 


estimates to be directly estimated (Gelman et al., 2014) and permitted the incorporation of prior 216 


information on salmon shark growth. A hierarchical structure allowed growth parameters to be estimated 217 


for each individual, thus obtaining an entire growth curve for each individual and taking the mean of 218 


those curves to approximate growth at the population level. This structure essentially treated the 219 


individual fish as a random effect;  in this way, individual growth parameters were assumed to arise from 220 


an overall distribution describing variation in the growth process across individuals within the population 221 


(Alós et al., 2010; Zhang et al., 2009). The combined hierarchical Bayesian approach accounted for both 222 


individual and population variation.  223 


The growth model consisted of both a mechanistic (or deterministic) component, which describes 224 


the relationship between age and length, and a stochastic component, which describes the variation or 225 


uncertainty in the model. The mechanistic part of the model consisted of a generalized von Bertalanffy 226 


growth function: 227 
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(4)  Lt  =  L∞(1−exp(−K(1−m)(t−to)))1/(1−m) , 228 


where m = db+1-b, E = (H/b)a(d-1), K = k/b, and L∞ =  (E/K) 1/(1−m). 229 


Parameter Lt is length-at-age t, L∞ is theoretical maximum length , k is energy loss constant, d is 230 


allometric slope of consumption, and H is the assimilation constant (eqn. 5, Essington et al., 2001). E and 231 


m are unit-less values introduced for mathematical convenience (Essington et al., 2001). This generalized 232 


form provides an unbiased estimate of consumption, in part, as it allows the allometric slope of 233 


consumption (d) to vary and the slope of length-weight regression (b) to be species-specific. In contrast, 234 


the common 3-parameter von Bertalanffy growth function assumes constants for d and b of 2/3 and 3, 235 


respectively. The intercept (a, multiplier of length) and slope (b, the exponent on length) of length–weight 236 


regression were estimated by (Goldman and Musick, 2006): 237 


(5)  Weight = (4.4E-5)Length 2.875 238 


where weight is in kg and length is pre-caudal length in cm.  239 


The stochastic structure of the model was given by a normal likelihood for the shark length-at-age 240 


(Lt) where the mean was length-at-age of an individual shark and all individuals shared a common 241 


standard deviation (σ). Various semi-informative prior distributions were given for L∞, K, m, to, and σ  242 


(Table 5). Prior distributions were specified based on previous fits of the von Bertalanffy growth function 243 


fit for salmon sharks (3-parameter, Goldman and Musick, 2006) and endothermic tunas (generalized, 244 


Essington et al., 2001). The priors were constrained 0 < d < 1 (Essington et al., 2001), and to < 0. The 245 


mechanistic part of the model resulted in all calculated shark lengths being positive, so it was not 246 


necessary to further constrain the values of shark length during the stochastic part of the model. To aid 247 


convergence, all sharks shared a common shift parameter to instead of estimating a value of to for each 248 


individual shark (Alós et al., 2010). Other model values (d, k, E, and H) were calculated from the 249 


posterior means of the fitted parameters. 250 
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Markov Chain Monte Carlo simulations were used to generate samples from the posterior 251 


distribution for von Bertalanffy growth function parameters. Hamiltonian Monte Carlo was used in 252 


program Stan to sample all parameters from the posterior distribution simultaneously (Carpenter et al., 253 


2017; Stan Development Team, 2017). The growth model was fit by running the model three times 254 


(chains) from varied initial values for 10,000 iterations each. There was a 5,000 iteration burn-in/warm-up 255 


period to allow the algorithm to converge to the posterior distribution; the parameter values drawn during 256 


this period were discarded. Thinning was performed such that every 50th iteration was recorded. This 257 


resulted in a total of 400 samples of each parameter for each shark from the posterior distribution. 258 


Preliminary analysis showed the first sample from the posterior was much different than the others, it was 259 


assumed to be a remnant of the burn-in period and was discarded, resulting in 399 samples from the 260 


posterior distribution. Population level parameters were summarized as the mean of all individual 261 


parameters for each sample from the posterior distribution. The posterior means and 95% credible 262 


intervals were calculated for each parameter, these population level parameters and are thus means of 263 


means. Due to the hierarchical structure of the model, a growth function was generated for each shark in 264 


the data set and an approximation of the true population level von Bertalanffy growth function is given by 265 


the population level parameter estimates.  266 


The assimilation constant, H, and allometric slope of consumption, d, were then used to calculate 267 


annual biomass consumed by an individual shark (Cbiomass) (Essington et al., 2001; Helser and Lai, 2004; 268 


Pilling et al., 2002): 269 


 (6)  Cbiomass = (H/A)WdW, 270 


where Cbiomass = consumption rate (kg∙yr-1), H = the assimilation constant, A = the assimilation efficiency, 271 


W = average weight of an adult salmon shark, and d = the allometric slope of consumption (adapted from 272 


eqn. 7, Essington et al., 2001). A was assumed to be constant across all body sizes, (Essington et al., 273 


2001) and two values were explored.  First, A = 0.65 was considered, as this value was used for tunas 274 
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(family Scombridae, Kitchell et al., 1978), which are endothermic fishes that are thought to have similar 275 


energetic requirements to salmon sharks (Watanabe et al., 2015a). Second,  A = 0.80 for lemon sharks 276 


(Negaprion brevirostris) was considered, which is the only direct measurement of assimilation efficiency 277 


for any shark (Wetherbee and Gruber, 1993). After consideration, the assimilation rate of A = 0.8 from 278 


lemon sharks was used. As with the daily ration requirement, the consumption estimate from this method 279 


was in units of biomass consumed by an individual shark in one year without accounting for diet 280 


constituents. 281 


3. Results 282 


The range of mean per capita consumption from all three methods was 1490 – 16,900 kg∙yr-1. The 283 


simplest method, the daily ration requirement (3.1% body mass∙day-1, 95% confidence interval: 0.33% – 284 


6.3%), produced the smallest mean consumption estimate, 1490 kg∙yr-1 (164 – 3010 kg∙yr-1) (Figure 1).  285 


The bioenergetic mass balance resulted in a slightly higher estimate of mean per capita 286 


consumption than the daily ration requirement. The total energy required by an adult salmon shark was 287 


estimated to be 8580 MJ∙yr-1 (4110 – 13,400 MJ∙yr-1) (Figure 1). Energy requirement toward metabolism 288 


was estimated to be 5340 MJ∙yr-1 (2540 – 8340 MJ∙yr-1), 25.5 MJ∙yr-1 (22.3 – 28.8 MJ∙yr-1) was allocated 289 


toward growth, 38.1 MJ∙yr-1 (8.9 – 96.4 MJ∙yr-1) towards reproduction, 2320 MJ∙yr-1 (1110 – 3610 MJ∙yr-290 


1) to excretion, and 858 MJ∙yr-1 (411 – 1340 MJ∙yr-1) to specific dynamic action. Applying the ‘high’, 291 


‘medium’, and ‘low’ salmon consumption scenarios to the energetic needs of salmon sharks resulted in 292 


per capita consumption estimates of 1770 kg∙yr-1 (860 – 2610  kg∙yr-1), 2080  kg∙yr-1 (1010 – 3080 kg∙yr-293 


1), and 1860 kg∙yr-1 (910 – 2750 kg∙yr-1).  294 


The growth model produced the highest estimate of mean per capita consumption 16,900 kg∙yr-1 295 


(Bayesian credible interval: 15,800 – 18,200 kg∙yr-1) (Figure 1). The von Bertalanffy growth function 296 


parameter estimates were L∞ = 201 cm (200 – 202 cm), K = 0.254 (0.239 – 0.269), m = 0.165 (0.132 – 297 


0.200), to = -1.34 years (-1.43 – -1.26 yrs), σ = 2.40 cm (2.32– 2.50 cm). The fitted model parameters 298 







14 
 


resulted in calculated values of d = 0.710 (0.698 – 0.722), k = 0.732 kg∙kg-1∙yr-1 (0.686 – 0.786 kg∙kg-1∙yr-299 


1), E = 21.3 (18.9 – 24.0), and H = 3.21 kg∙kg-d∙yr-1 (3.18 – 3.25 kg∙kg-d∙yr-1) (Figure 2).   300 


The uncertainty (95% intervals) around all estimates was approximately 2500 kg∙yr-1 (mean = 301 


2490 kg∙yr-1, sd= 320 ). The lowest uncertainty was from the mass balance (width of 95% confidence 302 


interval: 2220 kg∙yr-1), while the highest uncertainty was from the daily ration requirement (width of 95% 303 


confidence interval: 2850 kg∙yr-1) (Figure 1). 304 


4. Discussion 305 


The three methods used as a first step to understand the potential role of salmon sharks in the 306 


North Pacific yielded a wide range of annual per capita prey consumption estimates for adult salmon 307 


sharks. Though the precision of the three estimates was similar, the mean consumption estimates 308 


calculated by the first two methods were similar to one another while the third was higher by an order of 309 


magnitude. The data sources for each method likely provide a qualitative metric for assessing accuracy of 310 


the estimates that is proportional to each method’s reliance on biological data from other lamnid species. 311 


Specifically, the daily ration method relied solely on data borrowed from other lamnid species and 312 


therefore is likely the least accurate method.  The mass balance method, though it also borrowed several 313 


values, relationships, and assumptions from makos, incorporated salmon shark specific life history 314 


characteristics, likely making this method more salmon shark-specific and correspondingly accurate than 315 


the daily ration requirement.  However, it is not surprising these two methods produced results that are 316 


similar to each other and related lamnid species, since both of these methods relied heavily on data 317 


borrowed from those related species. The growth model used the most data from salmon sharks and thus 318 


it is likely the most accurate method for estimating salmon shark-specific consumption estimates.  Taken 319 


as a whole, this study suggests that the energetic requirements of salmon sharks could be higher than 320 


other lamnids and potentially an extreme for any shark species. 321 
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The inferred inaccuracies resulting from borrowing values from other lamnid species in the mass 322 


balance method likely result from physiological differences among the three lamnid species. In the 323 


calculation of active metabolism, within the mass balance method, the relationship between swimming 324 


speed and VO2, may result in an underestimate due to differences in body size and shape of the three shark 325 


species (McNab, 2002). Additionally, the effect of ambient temperature was not accounted for because 326 


data on the effects of temperature on metabolism of endothermic fishes with advanced abilities to 327 


physiologically thermoregulate are not available (Bernal and Lowe, 2015). Not including temperature in 328 


the calculation of active metabolism may, again, result in an underestimate, as salmon sharks maintain a 329 


body temperature differential of 18–21°C above ambient, which is greater than that of white sharks and 330 


makos. Finally, energy required for the parturition migration (Carlisle et al., 2015, 2014; Weng et al., 331 


2008)  of female salmon sharks was not incorporated into energy towards reproduction and could result in 332 


an underestimate of that component of the mass balance. Given the data and relationships used to 333 


construct the mass balance, this method likely underestimates salmon shark consumption due to the 334 


inclusion of data from more fusiform endothermic species that maintain smaller temperature differential, 335 


and the exclusion of energy spent on a long distance migration. 336 


The growth model method is likely the most accurate of those used in this study because the 337 


majority of data used in the von Bertalanffy growth function were salmon shark-specific. Furthermore, 338 


the von Bertalanffy growth function parameters for species with a decelerating growth rate, such as 339 


salmon sharks, have been shown to be estimated with relatively high precision (Essington et al., 2001). 340 


Taken together, this suggests that the growth model likely resulted in reliable parameter estimates to use 341 


in the calculation of per capita consumption. Within this method, the assimilation efficiency (A) was 342 


borrowed from lemon sharks, as it is the only directly measured value for a shark species. Though lemon 343 


sharks are not endothermic, they inhabit warm waters (27 – 33°C, (Morrissey and Gruber, 1993))  that are 344 


similar to the visceral temperature of salmon sharks (~25.5°C, (Goldman et al., 2004)), which may result 345 


in similar metabolic rates and processes. Lemon sharks and salmon sharks both have spiral value 346 
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intestines, therefore we assumed that digestive processes are more similar between these two shark 347 


species than between salmon sharks and endothermic teleosts. In conclusion, despite its caveats, we 348 


believe that the growth model provides the most species-specific estimate of consumption because it 349 


relies mainly on growth information from salmon sharks. 350 


Integrating across methods, the results suggest that salmon sharks may have higher energetic 351 


requirements than other lamnid sharks (Semmens et al., 2013; Wood et al., 2009). Given that salmon sharks 352 


maintain the highest difference between core and ambient temperature within Lamnidae, it follows that they 353 


may require more prey to fuel their thermal physiology. Other explanations for increased energetic 354 


requirements by salmon sharks may be found in species-specific body size and shape, prey type, and habitat 355 


(Bernal and Lowe, 2015). White sharks may consume less food since they eat a high percentage of 356 


energetically dense marine mammal blubber and are larger bodied, thus have lower mass-specific 357 


metabolism (McNab, 2002). Makos, similarly, may have lower mass-specific consumption as they also 358 


attain a larger body size than salmon sharks. Additionally, makos reside in warmer water, resulting in 359 


smaller temperature gradients between their body and the environment, and less energy needed to maintain 360 


an endothermic strategy.  361 


If indeed salmon sharks require more prey than other lamnids, their energetic needs may 362 


represent one of the highest for a shark species. The estimated energetic requirements of salmon sharks 363 


may be more similar to piscivourous marine mammals, such as fish-eating resident killer whales, than 364 


other fishes. The energetic requirement of a killer whale is roughly 84 MJ∙kg-1 of body mass annually 365 


(Williams et al., 2004). When mass corrected to the size of an average adult salmon shark, this results in 366 


an annual consumption of roughly 11,000 MJ∙yr-1. For comparison, the mass balance estimate of energy 367 


required by a salmon shark was 8580 MJ∙yr-1, which as previously discussed, may be an underestimate. It 368 


is surprising that the energy required by a salmon shark, a fish, and a killer whale, a mammal, appear to 369 


be similar, especially given that the mass balance method result may be an underestimate. 370 







17 
 


Borrowing parameter values from other life stages and species is a widespread issue in the area of 371 


bioenergetics and therefore consumption estimation (Trudel et al., 2004). However, within fisheries 372 


science, a lack of support for basic research to estimate the parameters required in bioenergetics models 373 


has been noted (Ney, 1993), making the practice difficult to prevent. To avoid “unjustified species 374 


borrowing” (Ney, 1993), all borrowed values (except A, assimilation efficiency) were taken from species 375 


within the Lamnidae, which share physiological adaptations with salmon sharks. By leveraging disparate 376 


data sets and statistical models for predicting consumption, we have attempted to better quantify these 377 


uncertainties and examine the inputs and outputs of each method through a biological lens.  Redundant 378 


estimation allows multimodel inference to be applied to descriptive science, where rigorous hypothesis 379 


testing or model selection are not as commonly seen (Guthery et al., 2004). 380 


An obvious extension of this work is obtaining estimates of abundance for this predator and 381 


detailed diet information to examine implications for prey species of interest at the population level. The 382 


suggested mammal-like nutritional needs of salmon sharks show the potential for top-down influence on 383 


their ecosystem; however, the magnitude of any effects will also depend on the level of functional 384 


redundancy and ecosystem complexity in the system (Grubbs et al., 2016; Stevens et al., 2000). For 385 


illustrative purposes, using the full range of consumption estimates produced in this study: 3000 salmon 386 


sharks may consume between 4,470 and 50,700 mt, 30,000 sharks may consume between 44,700 and 387 


507,000 mt, and 300,000 sharks may consume between 447,000 and 5,070,000 mt of prey annually. 388 


Because salmon sharks are believed to be generalists, the impact of this biomass removal is likely spread 389 


across many species. For a prey species that theoretically represents three percent of the salmon sharks’ 390 


diet, the biomass removed by predation may be 134 – 1520 mt, 1,340 – 15,200 mt, and 13,400 – 152,000 391 


mt, for levels of shark abundance used above. This illustration demonstrates that even as generalist 392 


predators, salmon sharks have the potential to remove a large amount of biomass of a prey species. 393 


Dependent on the population and dynamics of the specific prey species, salmon sharks may 394 


represent a considerable source of mortality, even at a low diet proportion. The amount of biomass 395 
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salmon sharks could remove may provide top-down structuring in the North Pacific making them an 396 


integral member of the community structure in this ecosystem.  Additionally, salmon sharks should be 397 


viewed as one part of cumulative mortality sources of fishes in the North Pacific, with other sources 398 


including human fisheries, marine mammals and ectothermic fishes. Cumulative mortality could affect 399 


prey populations even if individual sources of mortality are not significant; this is especially true if 400 


various sources of mortality are selective in similar ways. Future work in assessing the role of salmon 401 


sharks as apex predators in the North Pacific should focus on species-specific estimates of consumption, 402 


population abundance estimates, and detailed diet composition information for salmon sharks. Once those 403 


values are known with relative certainty, attempts can be made to align demographic information for prey 404 


species of interest and examine predator-prey interactions.  405 
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7. Tables and Figures 604 


Table 1: Daily ration requirements (% body weight∙day-1) for two lamnid sharks. 605 


 606 


Table 2: Inputs to the bioenergetic mass balance and their measure of variability. 607 


 608 


 Table 3: Energy densities of common prey species of salmon sharks. Prey species are reported 609 


by Nagasawa (1998), Hulbert et al. (2005) and Carlisle et al. (2011). 610 


Lamnid species  Daily Ration Source 
Shortfin mako shark Isurus oxyrinchus 3.1% (Stillwell and Kohler, 


1982) 
  4.58 % (Wood et al., 2009) 


White shark Carcharodon carcharias  1.2–1.5% (Semmens et al., 2013) 


Input Value Unit Variation Source 
Metabolism     


 Mean swim speed U1 = 0.51 body length∙sec-1 between inputs (Watanabe et al., 2015b) 


  U2 = 0.18   (Weng et al., 2008) 


Growth     


  von Bertalanffy 
parameters 


L∞ = 204.5  cm SD = 20.4 (Goldman and Musick, 2006) 


  k = 0.18  SD = 0.01 (Goldman and Musick, 2006) 


  to = -2.2  SD = 0.02 (Goldman and Musick, 2006) 


Reproduction     


 Mean pup length L = 62.5 cm SD = 12.5 (Tanaka 1980 from Nagasawa 1998) 


 Mean litter size N = 3.88 pups SD = 0.13 (Conrath et al., 2014) 


Prey Item 
 Energy 


Density 
Energy Density  


(kJ∙kg-1 wet mass) Source 
Pacific salmon Oncorhynchus spp. (kcal∙kg-1)   


 sockeye O. nerka 1794 7511 (O’Neill et al., 2014) 


 pink O. gorbuscha 1143 4786 (O’Neill et al., 2014) 


 chum O. keta 1026 4296 (O’Neill et al., 2014) 


 coho O. kisutch 1389 5815 (O’Neill et al., 2014) 


 Chinook O.tshawytscha 1724 7218 (O’Neill et al., 2014) 


Other fishes  (kJ∙g-1)   


  pollock Gadus chalcogrammus 3.24 3240 (Appendix B, Anthony et al. 2000) 
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 612 


Table 4: Proportion of prey items in three theoretical salmon shark diet scenarios. 613 


 Diet Scenario 
Prey Item High Medium Low 


Pacific salmon 0.6 0.1 0.05 


Other fishes 0.3 0.6 0.35 


Squids 0.1 0.3 0.60 
 614 


Table 5: Prior and hyperprior distributions of the von Bertalanffy growth function parameters. 615 


Priors Hyperpriors 
L∞ ~ Normal(μLinf, σ2


Linf) 
  K ~ gamma(α, β ) 
 m ~ beta( γ, δ ) 
  to ~ normal( -10, 5 ) 
  σ ~ uniform(1E-3, 200) 


μLinf ~ Normal( 270, 10) 
α ~ Gamma( 2, 2) 
 γ ~ Gamma( 7.5, 4)  


σ2
Linf ~ Normal( 15, 5) 


      β ~ Gamma( 2, 2)   
 δ ~ Gamma( 9, 4)     


 616 


 herring Clupea pallasii 5.84 5840 (Appendix B, Anthony et al. 2000) 


 sabelfish Anoplopoma fimbria 2.64 2640 (Table 3, Van Pelt et al. 1997) 


Squid (various) Mean (n=5) (kcal∙g-1)   


   1.32  5520 ( Table 2, Perez 1994) 
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 617 


Figure 1: The distributions of the per capita prey consumption estimates for salmon sharks 618 
expressed in kilograms of prey consumed per year, visualized as violin plots containing box and 619 
whisker plots. The result from the mass balance method (2) shown here is for the salmon shark 620 
diet scenario with a ‘medium’ amount of Pacific salmon prey (Table 4). The bold center line of 621 
each box plot is the median while the lower and upper hinges are the 25th and 75th percentiles 622 
respectively. The whiskers extend 1.5 times the distance between the first and third quartiles, and 623 
any estimates beyond that range are plotted individually as points. The shaded area around each 624 
box and whisker plot is the violin area. The height of the violin area is the total range of 625 
consumption estimates and the width of the area is a mirrored distribution of consumption 626 
estimates. 627 


 628 
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 629 


Figure 2: A von Bertalanffy growth curve (solid line) fitted to back-calculated length-at-age data 630 
(solid black circles) for salmon sharks. Around the back-calculated lengths are violin plots for 631 
each age. The height of the violin area is the total range of back-calculated lengths at that age 632 
and the width of the area is a mirrored distribution of the lengths at that age. Violin plots were 633 
not produced for the oldest ages, which contained few observations.   634 
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Chapter 2 


Please note: This is a provisional outline to be used as a guide to keep work on Chapter 2 
focused and directed. It is a working document and will be subject to fine-tuning. 


1. Introduction 
a. General introduction on abundance, dynamics and life history, in context of top 


pressure & apex predators. 
i. Importance of strong density dependence in FW 


ii. life history evolution 
iii. Predation effects on abundance and LH, examples (guppy studies 


(Reznick & Ghalambor, 2005)) 
  


b. Introduce AYK Chinook importance, trends, decline, Abundance and age 
structure change etc. 


 
c. Introduce question: How extreme does predation need to be for straight-forward 


(abundance) and subtle (age structure/maturation) changes to be seen when 
environmental variability is explicitly accounted for? 


d. Introduce previous work (model) as tool to look at case study of age-structure 
change in AYK Chinook 


i. Cunningham et al. (2017) work we get: 


1. 1) a reasonable model structure,  


2. 2) informed estimates/uncertainty for stage-specific baseline 
survival and capacity, and 


3.  3) responses to environmental variation.  


e. Objective: After accounting for environmentally-driven variation in survival and 
age-specific bycatch mortality, how much and how selective must removal by a 
marine mortality source (use salmon shark predation as a theoretical source) be to 
see changes in (1) abundance and (2) age structure that have been observed? 
 


2. Methods 
a. General: The Chena River population will be used as case study for AYK (and 


other stocks, 
b. Detailed model description 
c. Impacts of non-selective and selective predation will be examined, in terms of 


abundance and age-class structure, as % reduction in spawning abundance, % 
change in age class of returns/spawners. 


i. Non-selective 







1. Proportion @ age removed = to proportion@ age estimated in 
model (by relative abundance based on survival, maturation rate, 
and bycatch age composition) 


2. Increase  # removed 
3. Quantify change (or lack of) in age structure as percent change in 


oldest age classes. 
ii. Selective scenarios 


1. Proportion of older fish removed higher than proportion observed 
(define older?) 


2. Increase # removed for each proportion scenario 
3. Increase selectivity and repeat 
4. Quantify change in age structure 


3. Results 
a. Answer objectives: What levels of predation removals would be necessary, and 


how selective would they need to be to see observed change. 
i. Nonselective: 


1. Metrics reported % reduction in spawning abundance, % change in 
age class of returns/spawners (theoretically should not see changes 
in age class abundance w/reduction of returns) 


ii. Selective: 
1. Metrics reported % reduction in spawning abundance, % change in 


age class of returns/spawners  
b. [Potential] Visual(s): For each selectivity scenarios and plot % change in age class 


of returns/spawners X removals  
 


4. Discussion 
a. Are removals via predation and selectivity required to observe changes in 


Chinook salmon age class structure realistic given what is known about various 
sources of late stage marine morality? 


i. Example predators: salmon sharks, killer whales, commercial fisheries 
b. Discuss non-selective versus selective results with literature examples 
c. Implications of the ability of predators to influence life history change for AYK 


Chinook Chena River as a case study 
i. Compounding effects of other selective sources of mort (fishing). 


ii. Portfolio effect 
iii. Others? 


d. Assumptions of model. 
e. Conclusions about the implications of the ability of predators to influence the life 


history in Chinook salmon generally. 







i. Prediction: Maybe not as influential as theory and/or isolated experiments 
would predict when part of such a complex system. 


1. Buffers in salmon LH 
ii. How these findings relate to literature on Fisheries Induced Evolution 
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I am writing to thank you for your support and to request continued funding for summer and fall 
2018.  Over the past year and a half, my PCCRC Graduate Fellowship has allowed me to take 
courses toward both a Master of Science in Fisheries and a graduate Certificate in Statistics. 
Additionally, I have been conducting emerging research on a topic that may provide insight into 
some widespread, yet inexplicable phenomena related to the decline and changes in age-structure 
of Chinook salmon. Finally, the travel funding provided by PCCRC allowed me to attend the 
American Elasmobranch Society annual meeting, where I was able to speak with shark experts 
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advancement of my project is evidenced by submitting the manuscript version of my first thesis 
chapter for peer review in an international fisheries journal and the outlining and analysis 
planning that I have done for my second chapter.  


An additional six months of funding will allow me to maintain my productivity and complete my 
Master of Science in Fisheries in fall 2018. I believe it will be more beneficial to me, and I will 
produce better work, if I remain enrolled as a student during the final stages of my graduate 
program. The extension of PCCRC funding will provide seamless continuity of my research, so I 
can avoid spending significant amounts of time seeking other funding sources or getting outside 
employment, both of which will take time away from research and will disrupt progress.   


Thank you for support thus far and for your consideration of this request. For additional details, 
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Thesis overview 
 


Chinook salmon (Oncorhynchus tshawytscha) populations in the Arctic-Yukon-
Kuskokwim (AYK) region are both culturally and ecologically important and their populations 
have been depressed since 1998 (Gisclair 2009; Hilsinger et al. 2009; Howe and Martin 2009). In 
addition to fewer adult fish returning to rivers, spawning Chinook also have demonstrated 
decreases in age-at-maturity and size-at-age (Lewis et al. 2015). The concurrent decline of 
several Chinook salmon stocks across the large geographic area of western Alaska, coupled with 
largely intact freshwater habitat, suggests that the marine environment plays an important role in 
Chinook salmon productivity and abundance. One hypothesis for the observed pattern of smaller 
and younger spawners is increasing marine mortality risk for older life stages.  


A hurdle in evaluating this marine mortality hypothesis is relatively little knowledge 
exists about the ocean stage of Chinook salmon, particularly for fish that have survived their first 
winter at sea.  In an effort to provide more information about older Chinook salmon in the ocean, 
several fish were tagged with pop-up satellite tags (PSATs). Although the tags initially were 
deployed to examine basic aspects of ocean dispersal and behavior, an unanticipated result was 
that a considerable proportion was consumed by salmon sharks (Lamna ditropis). These 
predation events represent a previously unstudied source of marine mortality. Additionally, 
recent research out of Washington State demonstrated that marine mammal predation on 
Chinook salmon can result in the removal of up to six times as much biomass of this species as 
human fisheries combined (Chasco et al. 2017). Though in a different system, this research 
shows that the magnitude of biomass removal by predators can be considerable and therefore 
should be explicitly considered when studying Chinook salmon marine mortality. 


In my thesis research, I am attempting to elucidate the amount and selectivity of late 
stage marine mortality required to affect the productivity of Chinook salmon populations, using 
salmon sharks as a case study. Large knowledge gaps exist regarding the biology and ecology of 
salmon sharks including their energetic requirements, diet compositions, and population 
abundance. As a first step toward addressing these gaps, I estimated the total annual consumption 
of prey, including Chinook salmon, by individual salmon sharks. Next, I will examine the 
potential impacts of late stage marine mortality on the productivity of Chinook salmon stocks, 
using a population dynamics model developed by a post-doctoral researcher funded by PCCRC. 







Finally, I will compare the estimated consumption requirements of salmon sharks and simulated 
levels of late stage mortality required to alter the abundance and age distribution of a Chinook 
salmon population.  
 
Thesis Chapter 1: Salmon shark consumption 
 


I used three approaches to estimate per capita annual prey consumption of individual 
salmon sharks: daily ration requirements (percent mass per day), bioenergetics mass balance, and 
Bayesian growth modeling. A daily ration requirement has not been calculated for salmon sharks 
so published ration requirements for closely related species were used. A bootstrapping method 
was applied to literature values to obtain a median and a 95% confidence interval of daily ration 
requirements. The bioenergetics approach largely followed the methods used for shortfin mako 
sharks (Isurus oxyrinchus) by Wood et al. (2009) and took the form of an energy balance in 
which ingested energy must equal energy spent on growth, reproduction and metabolism. 
Finally, I fit a generalized von Bertalanffy growth model to salmon shark length-at-age data. I 
used parameter estimates to calculate individual consumption rates, following Essington et al. 
(2001). Estimating consumption using three different approaches provided measures of 
variability and comparison of data sources, as few salmon shark-specific data exist. The 
agreement (or disagreement) among consumption estimates acted as a measure of uncertainty in 
our results, in the absence of field ground-truthing. This methodology generated a range of 
plausible amounts of biomass consumed rather than a single point estimate. 


The range of per capita consumption estimates of salmon sharks from all methods was 
1,490 – 16,900 kg∙yr-1 (Figure 1). The daily ration requirement produced a consumption estimate 
of ~1500 kg∙yr-1 (164 – 3010 kg∙yr-1). The mass balance produced an estimate of ~2000 kg∙yr-1, 
depending on which diet scenario was used to convert energy required per year to biomass. 
Finally, the growth model method produced an estimate of ~17,000 kg∙yr-1 (Bayesian credible 
interval: 15,800 – 18,200 kg∙yr-1). The lowest estimate was produced by the daily ration 
requirement that was based on parameter estimates from related species, while the highest 
estimate was produced by the growth model method that used the most salmon shark-specific 
data. These results suggest that the energetic requirements of salmon sharks may be higher than 
other lamnids (e.g., mako sharks and white sharks) and may result in the removal of a large 
amount of biomass of prey, including Chinook salmon, from the North Pacific. This level of 
intense predation highlights the potentially large contribution of salmon sharks to cumulative 
mortality of Chinook salmon in the North Pacific and underscores the potential role of this 
species as apex predators in the North Pacific ecosystem. 







 


Figure 1: The distributions of the per capita prey consumption estimates for salmon sharks 
expressed in kilograms of prey consumed per year, visualized as violin plots containing box and 
whisker plots. The bold center line of each box plot is the median, while the lower and upper 
hinges are the 25th and 75th percentiles respectively. The whiskers extend 1.5 times the distance 
between the first and third quartiles, and any estimates beyond that range are plotted individually 
as points. The shaded area around each box and whisker plot is the violin area. The height of the 
violin area is the total range of consumption estimates and the width of the area is a mirrored 
distribution of consumption estimates. 


 
Thesis Chapter 2: Effects on Chinook abundance and productivity 
  


To examine potential effects of late stage marine mortality on Chinook salmon 
abundance and age structure, I will do a simulation study using the stage-structured population 
dynamics model constructed by Cunningham, Westley, and Adkison (Pollock Conservation 
Cooperative Research Center, 2015–2017). This model was fit to both Chena and Salcha River 
Chinook salmon populations, and I will use the Chena River population as a case study for AYK 
Chinook salmon. Building upon previous work allows me to take advantage of demonstrated 
model structure, informed estimates, uncertainty for age-specific baseline survival and capacity, 
as well as population responses to environmental variation.  


Using simulation studies, I will examine the magnitude and selectivity of predation 
required to account for observed changes in age structure of Chinook salmon, after accounting 
for environmentally-driven variation in survival and age-specific bycatch mortality. Output from 







model simulations will be discussed in the context of estimates of salmon shark energetic 
requirements produced in Chapter 1. Additionally, the simulated effects of late stage marine 
mortality on the Chinook salmon population will be compared to effects of environmental 
variables, fisheries, and estimated removals from other predators, such as killer whales.  


 
Progress: December 2017 
 
 Since my last project update in January 2017, I enrolled in courses and made 
considerable progress on my research.  For research, during the spring 2017 semester, I 
completed the prey consumption estimates of salmon sharks (see above).  While working on the 
Bayesian growth model prey consumption estimates with Dr. Margaret Short of the University of 
Alaska Fairbanks Department of Department of Mathematics and Statistics, she brought it to my 
attention that due to the quantitative emphasis in my fisheries course work, I was one course 
short of earning a Graduate Certificate in Statistics. Completing the remaining course 
requirement for the certificate, Statistical Theory I, presented an excellent opportunity to both 
gain a deeper understanding of statistical methods and earn an additional qualification. At this 
time, I amended my academic plan to enroll in Statistical Theory for the fall semester of 2017.  
Also during spring 2017, I completed two graduate-level fisheries courses, Data Analysis in 
Community Ecology (Dr. Franz Mueter) and Quantitative Population Dynamics (Dr. Terry 
Quinn).  
 In June, 2017, I defended my thesis proposal to my committee and advanced to 
candidacy. Shortly after, in July, I presented the results of my first chapter at the American 
Elasmobranch Society meeting in Austin, Texas. My talk was well-received by many of the 
predominant shark researchers who were in attendance, and subsequent conversations with these 
researchers were very helpful in the formulation of the discussion of my first chapter. During the 
remainder of the summer, I completed the remaining analyses for all three methods involved in 
Chapter 1 and drafted the manuscript of the first half of my thesis. 
 I continued my research and coursework during fall 2017, even when faced with a health 
challenge. For research, I finalized my first thesis chapter with my committee members and co-
authors, and submitted it for peer-review in an international fisheries journal. Additionally, I 
outlined the logic and approach for Chapter 2 of my thesis and began working with Dr. Curry 
Cunningham to prepare his model to be used in my simulation studies. For coursework, I 
enrolled in Statistical Theory 1 (Dr. Margaret Short) and Physiology of Marine Organisms (Dr. 
Laura Horstmann). Unfortunately, approximately half-way through the semester, worsening 
chronic pain that required an urgent medical intervention temporarily slowed my progress. I 
underwent spine surgery on September 21, 2017, followed by complications and an ongoing 
rehabilitation process. Though these circumstances were extremely challenging, I still was able 
to succeed in my courses, maintaining a 4.0 GPA, and the abstract of the final version of my first 
thesis chapter was accepted as an oral presentation at the Alaska Marine Science Symposium. 







With the completion of Statistical Theory 1, I have finished the requirements for a Graduate 
Certificate in Statistics, which I will earn in addition to my Master of Science in Fisheries.  


I have created a new plan, with the goal of a December 2018 graduation, which is 
outlined below. At this time, I have two Master’s degree requirements remaining; a human 
dimensions course and an additional seminar. I will complete both of these requirements and 
begin analyses for Chapter 2 in Spring 2018. I hope to have preliminary results for Chapter 2 
ready to present at the Western Division of the American Fisheries Society meeting in 
Anchorage, Alaska, in May of 2018. I will use the summer to finish the analyses and begin 
drafting my second thesis chapter. I hope to present Chapter 2 results at the joint meeting of 
Sharks International and the American Elasmobranch Society in João Pessoa, Brazil, June 2018. 
In the fall of 2018, I will finish writing my second thesis chapter and begin the manuscript 
submission and publication process, while also constructing my 2-chaptered thesis document and 
working through requisite approvals for graduation.  
 
Timeline 
 
Spring 2018:  Chapter 2 Analysis, apply for additional funding 
  Courses: FISH 640 Management of Renewable Marine Resources 


FISH 692 Seminar  
Meetings: Alaska Marine Science Symposium 


 Western Division AFS 
 
Summer 2018: Finish Ch 2 analysis, begin drafting second manuscript/thesis chapter 


Meeting: Sharks International/ American Elasmobranch Society  
 
Fall 2018: Finish writing Ch 2, begin publication process 


     Compile thesis for graduate school, defend thesis, graduate 
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