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EXECUTIVE SUMMARY
Justification

One of the important knowledge gaps for the Pacific herring (Clupea pallasii) population in Prince
William Sound (PWS) is understanding adult herring annual migration movements between spawning,
summer feeding, and overwintering areas. In 2013 we documented post-spawn migration of herring
from Port Gravina to the Prince William Sound entrances by acoustic tagging adult herring and
collecting data from the Ocean Tracking Network acoustic arrays. The 2013 study, however, could not
verify if herring were migrating out into the Gulf of Alaska (GOA) and then returning to Prince William
Sound because of the single-line layout of the Ocean Tracking Network arrays.

The goal of this herring study is to clarify the annual migration cycle of PWS adult herring. The
objectives of this proposed project are to 1) purchase and deploy additional acoustic receivers at the
Ocean Tracking Network arrays so that the direction of herring movements (into or out of PWS) can be
determined; and 2) purchase acoustic tags. Achieving these objectives in FY16 will then allow us in
FY17 to begin to address objectives aimed at 1) documenting adult herring migration movements out
from and into PWS; and 2) understanding factors that influence migration patterns including age,
condition, spawning location, and residency in PWS.

Because it takes several months from the start of funding to get tags and equipment purchased, prepared,
and deployed, completing these activities during FY16 will allow us to initiate acoustic tracking studies
in FY17 when herring are aggregated on their spring spawning grounds. With the batteries of the
Hinchinbrook Entrance and Montague Strait acoustic arrays expiring around March 2020, a tagging
program starting in FY17 provides a larger time window (three seasons: FY17, 18, 19) for collecting
high quality data and increases the feasibility of monitoring herring aggregations in the three major
spawning areas: Port Fidalgo, Port Gravina, and Montague Island.

Background

Conservation concerns about the recovering Pacific herring population in PWS make it increasingly
important to document migration patterns to inform our understanding of PWS adult herring survival.
Little is understood about adult Pacific herring annual migration movements between spawning, summer
feeding, and overwintering areas within and between PWS and the GOA

Elsewnhere, it is common for large herring populations to migrate from nearshore spawning areas to
coastal shelf areas for summer feeding habitat (Hay and McCarter 1997, Hay et al. 2008). Corten (2002)
suggested that observed herring migration patterns are not innate, but are a learned behavior that initially
occurs when the recruiting year class follows older herring. In his review of migration in Atlantic
herring (C. harengus) Corten observed that herring migration patterns tend to be stable over years,
despite environmental variation. In PWS, Brown et al. (2002) compiled local and traditional knowledge
on adult herring movements. In that study, some fishers reported herring moving into PWS through
Montague Strait prior to the fall bait fishery while others reported herring moving into PWS in spring
through Hinchinbrook Entrance, Montague Strait and the southwest passages of Erlington and
LaTouche. These observations suggest that PWS herring are regularly migrating out of PWS and onto
the shelf.

During winter, adult Pacific herring along the eastern Pacific Ocean often return to coastal areas and
remain close to spawning areas and in nearshore channels (Hay and McCarter 1997). This behavior has
also been observed in PWS herring populations, where historically large schools both overwintered and
spawned around northern Montague and Green Islands. More recently however, the major biomass of
adult herring during winter has shifted to the northeast and southwest areas of PWS. Currently the



largest concentration of adult herring overwinters and spawns around Port Gravina and Port Fidalgo
(ADFG herring portal http://data.aoos.org/maps/pwsherring/).

Previous studies of Pacific herring movements in the eastern Pacific have utilized fisheries-dependent
tag recovery and CPUE data (e.g. Hay and McKinnell 2002, Tojo et al. 2007). Unfortunately, making
inferences about herring movement from fisheries-dependent data is problematic because fishing effort
may not be consistent in all locations or across seasons, and recapture rates are typically low (< 10 %).
Furthermore, tag recovery and CPUE methods typically provide poor temporal and spatial resolution on
the rate and timing of large scale migrations.

We propose to utilize acoustic telemetry to investigate seasonal movement patterns of Pacific herring.
Post-spawn feeding, winter, and subsequent spawning migrations will be examined by tagging herring
on PWS spawning grounds during spring and monitoring their movement patterns with moored acoustic
arrays. The use of acoustic telemetry will allow us to look at movement patterns on a variety of
temporal and spatial scales, filling in significant gaps in our current knowledge of herring migration.

Our proposed project builds on an EVOS Herring Research & Management (HRM) pilot project of the
Principal Investigator M. Bishop and collaborator J. Eiler (NOAA). Our pilot project developed
handling and tagging methods designed to minimize physical injuries and stress to wild herring (Eiler
and Bishop in review). In April 2012, we successfully tagged 25 wild herring on their spawning
grounds with acoustic transmitters. Post-release, 23 (92%) of the 25 tagged individuals were detected
by a VR2W acoustic receiver multiple times on one or more days post release. Subsequently, the
February 2013 installation of the Ocean Tracking Network’s (OTN) six acoustic receiver arrays across
the entrances to the GOA provided the first opportunity to detect movements from the spawning grounds
to the entrances. In April 2013 we tagged 69 adult Pacific herring on the spawning grounds at Port
Gravina. Tags had an expected life of 263 d. Post-release we detected 93% of the tagged herring (64 of
69) either at Port Gravina and/or the OTN arrays (Eiler and Bishop in review).

Based on detections at the OTN arrays, we were able to document that many of the tagged herring
remained in and around the entrances to PWS from mid April through early June. By July, most tagged
herring had departed from Hinchinbrook Entrance and Montague Strait areas, with fish at Montague
Strait often shifting west and into to the Southwest Passages. Herring schools appeared to be actively
moving throughout fall in and around Montague Strait and the Southwest Passages, although no
equivalent movements were detected at Hinchinbrook Entrance. Arrays detected herring at the
Montague Strait array and the Southwest Passages arrays right up to when tags expired in early January
2014, indicating that not all herring winter in northeast PWS, and that some herring are highly mobile
and may be moving back and forth into the GOA even during winter months (Bishop and Eiler, in
prep.).

The results of our EVOS pilot study demonstrate the exceptional opportunity to document migration
patterns by PWS herring, and specifically the connectivity between the Gulf of Alaska and Prince
William Sound. However, we are unable to determine the directionality of tagged fish movements
based on data from the Ocean Tracking Network arrays as they are currently configured because each
array consists of one, east to west line of receivers. With a relatively small investment, our inability to
determine the direction of herring movements could be remedied.

Our 2013 study found that at both the Hinchinbrook Entrance array (n = 16 receivers) and the Montague
Strait array (n = 11 receivers) that most acoustic-tagged herring detections occurred at the outermost
receivers (Hinchinbrook n = 96% of all detections at 4 receivers; Montague n = 80% at 4 receivers).
When we examined final detections of tagged fish, we determined that >85% of the final detections
occurred at these outermost receivers (Bishop and Eiler, in prep.). Therefore deploying additional
receivers just below these outermost receivers would allow for determination of the movement direction

3



for a large proportion of the herring detections. In addition, by using acoustic tags programmed at low
power only, battery life would be increased to ~400 days. This would allow us to monitor acoustic-
tagged herring from one spawning season to the next.

Key hypotheses and overall goals

The overall goal of our long-term (FY16-20) study is to clarify the annual migration cycle of PWS adult
herring. For FY16 we are requesting EVOS funding in order to:

1) purchase and deploy additional acoustic receivers at the Ocean Tracking Network arrays so that the
direction of herring movements (into or out of PWS) can be determined; and,

2) purchase acoustic tags.

Achieving these objectives in FY16 will then allow us in FY17 to begin to address objectives aimed at
1) documenting adult herring migration movements out from and into PWS; and 2) understanding
factors that influence migration patterns including age, condition, spawning location, and residency in
PWS. The FY17-20 portion of the study will be part of the EVOS Herring Research and Monitoring
Program and will test the following hypotheses:

H;: Pacific herring populations in PWS make seasonal, post-spawn feeding migrations through major
entrances and passages to the Gulf of Alaska.

a) Fish with poor body condition are less likely to migrate.
b) New recruits to the spawning population are less likely to migrate than older herring.

H,. The Prince William Sound herring population is comprised of migrant and resident individuals.

a) Resident individuals remain within the confines of Prince William Sound.

b) Resident herring are associated with specific spawning grounds.

c¢) Migrant individuals exit Prince William Sound by mid-June and return to the Sound in either
fall or spring.

Hs; Survival is related to age and body condition.

For FY16 we are requesting a total of $272.6K ($250.1K project costs + 22.5K general admin costs) for
the purchase of equipment and tags needed to test the above hypotheses about herring movements. We
need to purchase equipment in FY'16 because:

o It will take several months from the start of funding to get tags and equipment purchased,
prepared, and deployed.

. A February start date for FY17 funding means that equipment and acoustic tag purchases cannot
be completed by the beginning of April, when herring aggregate to spawn. Capture efficiency is
highest during spawning events. Spawning events are also associated with initiation of
migration.

o The batteries of the Ocean Tracking Network array VR4 receivers are expected to expire around
March 2020. This infrastructure (comprised of 34 acoustic receivers) is essential for collecting
high quality data on herring movement and survival. Initiating studies that take advantage of
existing OTN infrastructure before it expires allows for major leveraging of funds to complete
EVOSTC objectives.



o If we are unable to begin tagging until 2018 we will only have two opportunities to observe
annual migration patterns. A tagging program starting in 2017 provides a larger time window for
collecting high quality data and increases the feasibility of monitoring herring aggregations in
the three major spawning areas: Port Fidalgo, Port Gravina, and Montague Island.

I1. COORDINATION AND COLLABORATION
1. Within the Program

Our study, PWS Herring Annual Migration Cycle, will be a component of the larger, EVOS-sponsored
Herring Research and Monitoring (HRM) program. While the FY17-21 HRM projects are not yet
finalized, we anticipate that we will coordinate with at least two other HRM projects.

EVOS Herring Research & Monitoring
Herring disease USGS
Hydroacoustic surveys PWSSC

Our project will also provide information that will complement data collected by three existing projects
in the EVOS Gulf Watch Alaska pelagic component:

EVOS GulfWatch
Forage fish distribution, abundance, & body condition in PWS | USGS
Humpback whale predation NOAA/UAS
Fall and winter seabird abundance & distribution PWSSC

Understanding movements by adult herring throughout the annual cycle will provide valuable
information on trophic interactions between herring and piscivorous waterbirds (in particular loons and
common murre the major avian consumers of adult herring), humpback whales, and other forage fish
competitors.

2. With Other Council-funded Projects
Except for the EVOS Herring Research & Monitoring Program and the EVOS Gulf Watch Alaska
program, there are no other EVOS-funded collaborations.

3. With Trustee or Management Agencies

Our project relies on information from Alaska Department of Fish and Game to help locate adult herring
schools in spring for acoustic surveys and our sampling. To that extent, we work closely with Steve
Moffitt at the Cordova office of ADF&G. Information learned about herring migrations will be shared
with ADF&G.

Collaborations with other organizations

This project will synergize with efforts of the Ocean Tracking Network (OTN; Fred Whoriskey, PhD
Executive Director, Dalhousie University). In March 2013, OTN installed two, large-scale arrays
including one across the mouth of Hinchinbrook Entrance and one across Montague Strait, and four
small arrays at the southwest PWS passages of Erlington, LaTouche, Bainbridge and Prince of Whales.
Equipment was assembled and configured by PWS Science Center personnel in Cordova. Currently
PWSSC maintains the array for OTN on an annual basis. OTN maintains a database with detections
from their worldwide network. Our data is archived in the OTN databases, as per their guidelines.



I1l. PROJECT DESIGN
A. Objectives

Project Objectives FY16

1) Purchase and deploy additional receivers around the Ocean Tracking Network arrays.
2) Purchase acoustic tags

Because it takes several months from the start of funding to get tags and equipment purchased, prepared,
and deployed, completing these activities during FY16 will allow us to initiate acoustic tracking studies
in 2017 when herring are aggregated on their spring spawning grounds.

Project Objectives for FY17-20, the second phase of this project, include:
1) Document location, timing and direction of Pacific herring seasonal migrations between Prince
William Sound and the Gulf of Alaska.
2) Relate large-scale movements to year class and body condition of tagged individuals.

3) Determine seasonal residency time within PWS, at the entrances to PWS, and in the Gulf of
Alaska.

The hypotheses we will test as part of the larger study include:

H;: Pacific herring populations in PWS make seasonal, post-spawn feeding migrations through major
entrances and passages to the Gulf of Alaska.

a) Fish with poor body condition are less likely to migrate.
b) New recruits to the spawning population are less likely to migrate than older herring.
H,: The Prince William Sound herring population is comprised of migrant and resident individuals.

a) Resident individuals remain within the confines of Prince William Sound.
b) Resident herring are associated with specific spawning grounds.
¢) Migrant individuals exit Prince William Sound by mid-June and return to the Sound in either
fall or spring.
Hs: Survival is related to age and body condition.

H,: Fine-scale spatial use patterns are associated with individual biological characteristics and vary
seasonally.

B. Procedural and Scientific Methods

Acoustic receivers will be secured via a combination of static subsurface moorings and subsurface
moorings with acoustic releases (depending on the individual receiver location, depth and potential
interaction with commercial fishing operations; Eiler and Bishop, in review).

Acoustic tag data collected via fixed acoustic arrays provide presence-absence data of individual herring
with very high temporal resolution; however, the spatial resolution depends upon detection range and
the size and configuration of the acoustic array. The acoustic arrays currently deployed in the entrances
and major passages into Prince William Sound (PWS) are configured as a ‘gate’ (Heupel et al. 2006)
and are designed to detect fish moving through these corridors. Detection probability of this gate is
likely high based on the spacing of the receivers (mean distance between receivers= 724 m; max= 835
m) and detection range data collected in 2013 using moored range tags (Fig. 1). At 400 m, 93% of the
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Figure 1. Proportion of reference transmitter signals detected by acoustic receivers near Hinchinbrook
Entrance in Prince William Sound.

transmitted signals were recorded and 69% were recorded at 500 m; thus, all fish moving through this
acoustic gate will have a high probability of being detected by at least one receiver.

However, as currently configured, the directionality of movement (north into PWS or south towards the
Gulf of Alaska) after detection at any of the arrays cannot be determined. To address the objectives of
this study, the detection capabilities of these acoustic arrays will be increased by deploying 16 receivers
in January 2017. These additional receivers will be configured as a second gate at each array and will
provide the data needed to determine directionality of movement away from the array (Fig. 2; Fig. 3).
At Montague Strait and Hinchinbrook Entrance, deploying complete second lines of 11 and 16 receivers,
respectively, is currently cost prohibitive. Therefore, receivers will be deployed along the east and west
coastlines of these two corridors (Figs. 2, 3). These receiver configurations are based on data from the
2013 tagging study that indicate herring use nearshore habitat much more frequently than mid-channel
habitat at both these sites. Specifically, 86.8% of the 26,371 detections from Montague Strait and
Hinchinbrook Entrance were recorded on the outermost (nearshore) receivers (Bishop and Eiler, in
prep.). Thus, a second gate at both Montague Strait and Hinchinbrook Entrance, though incomplete,
will each have a high probability of detecting tagged herring using these corridors. Further, the
detection probability of the second gate can be estimated in our data analysis and used to reduce the bias
in our movement rate estimates caused by incomplete detection at the second gate.

In addition to the installation of a second gate at the major entrances and the southwest passages, an
array of nine VR2W receivers located near tagging sites in northeast Prince William Sound will be
deployed in order to monitor post-tagging movements and the timing of outmigration and subsequent
migrations back to the area. These receivers are currently being used by PWSSC in a Pacific cod
movement project that is scheduled to end shortly before the 2017 field season. The intent of our array
configuration will be to maximize the detection probability of tagged fish on the spawning grounds.
Data from this array will allow researcher to address questions relating spawning site fidelity, monitor
post-tagging survival, increase the resolution of movement patterns within PWS, and provide data
needed for robust survival estimation. These receivers will be deployed with acoustic releases and upon
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Figure 2. Location of the
OTN acoustic array in
Hinchinbrook Entrance and
proposed locations for
receivers to be deployed in
January 2017.

Figure 3. Location of the
OTN acoustic array in
Montague Strait and the four
southwest passages and
proposed locations for
receivers to be deployed in
January 2017.

retrieval at the end of the first year of data collection (May 2018) they can be redeployed at the 2018
tagging site to monitor the 2018 tagging cohort. The feasibility of monitoring multiple spawning sites
per year with the available number receivers will be assessed after the first year of data collection.
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Because it takes several months from the start of funding to get tags purchased, ordering tags during
FY16 will allow us to initiate acoustic tracking studies in 2017 when herring are aggregated on their
spring spawning grounds. Herring will be tagged with acoustic transmitters (Model V9-2L, 69 kHz)
programmed to transmit at 146 dB every 90-150 seconds with a battery life of approximately 400 days.
Each transmitter emits a unique series of pings that can be decoded and recorded if the tagged herring is
within the detection range of a receiver. Codes from successfully decoded transmissions are recorded
and stored in the receiver memory along with the date and time they were received. Once the receiver is
in hand (VR2W receivers) or connection is made with a Teledyne Benthos surface modem (VR4
receivers) a file containing the complete detection records for the duration of deployment can be
uploaded.

During spring 2017 (FY17) herring will be captured and tagged in Port Gravina following the methods
of Eiler and Bishop (in review). Using these methods, 91.4% of tagged fish (N= 94) were subsequently
detected in PWS, indicating that measures taken to reduce tagging and handling related stress were
successful and post-tagging survival was high (Eiler and Bishop in review). Based on the minimum
standard length of herring tagged by Eiler and Bishop, the minimum standard length of herring
considered for tagging in this study will be 190 mm (age ~3-4 yrs). To address hypotheses related to the
relationship between individual biological characteristics and movement and survival, we will ensure
that the length distribution of our tagged fish sample is approximately uniform over a wide size range.
Specifically, 10-mm length bins ranging from 190 mm to 250 mm (the largest length bin contains fish >
250 mm) will be implemented and each length bin will constitute approximately 14% of the total tagged
sample. In addition to standard length, the sex of each tagged herring will be determined and weight (g)
data will be collected. Finally, a condition index (k= weight-length™; Slotte, 1999; Kvamme et al., 2003)
will be calculated for each tagged herring from individual length and weight data.

C. Data Analysis and Statistical Methods

Hypotheses Hi, H,, and Hs pertain to herring survival rates and large scale movement rates and how
these rates change seasonally or in relation to individual biological characteristics. Estimates of survival
are needed to generate unbiased estimate movement rates; therefore, our ability to estimate survival will
affect the quality of our movement rate estimates. Our analytical approach for addressing these
hypotheses has two major components: estimating survival using discrete-time multistate Markov
models (Lebreton and Pradel 2002) and estimating herring movement with continuous-time multistate
Markov models (Miller and Andersen 2008). Survival will be estimated by binning detection data into
discrete intervals (Barbour et al. 2013) and analyzing these data using discrete-time multistate Markov
models developed using the RMark package (Laake 2013). Binning continuous-time detection data into
relatively large discrete time steps is necessary for estimating survival using the well-established
methods developed for convention mark-recapture experiments; however, this diminishes the quality of
the data collected by fixed acoustic arrays. To efficiently utilize the high-quality data collected by the
acoustic arrays, we will use continuous-time Markov models to estimate herring movement rates and fix
the survival rate at the value estimated from the discrete time model. In addition to movement rates, we
will use the continuous-time model to calculate seasonal mean residency time in the GOA and PWS.

As permanent emigration from the study area cannot be distinguished from mortality, the discrete-time
model actually estimates apparent survival; however, apparent survival is equal to the true survival rate
if tagged herring do not permanently emigrate from the study area. Herring emigration out of PWS is
likely temporary, and based on the spatial coverage of our acoustic array and the extended battery life of
our acoustic tags (400 days), we expect the bias in our survival estimates due to permanent emigration
from the study area to be low.



Finally, our hypothesis (H4) addressing fine-scale spatial use patterns will be investigated using
Brownian bridge movement models (Horne et al. 2007; Pages et al. 2013) and by calculating simple
summary statistics for each acoustic receiver.

Survival estimation and power analyses

To address our hypothesis relating to the relationship between individual biological characteristics and
survival, we will develop discrete-time multistate Markov models with covariates for size, weight, and
condition. A suite of estimation models will be developed and the most parsimonious models will be
selected using Akaike’s information criterion (AIC) corrected for small sample size bias (AlICc)
(Burnham and Anderson 2002).

To further support our analytical approach and to determine the sample size needed to generate
estimates of herring survival rates, we simulated datasets and conducted a power analysis using our
proposed methods to estimate survival. Datasets were generated from a transition intensity matrix with
instantaneous transition rates based on estimates from the 2013 pilot project. The instantaneous
transition rates describe the movement of herring between states defined by the acoustic arrays. The
states that tagged herring could inhabit were: present at an array, undetected in PWS, undetected in the
GOA (outside of the entrance arrays), or mortality (Fig. 4). Of these seven states, there are three
observable states (one for each array: northeast PWS spawning grounds, inner PWS gate, outer PWS
gate), four unobservable states (three undetected states and the mortality state), and 10 instantaneous
transition rates based on the spatial configuration of the arrays (Fig. 4).

Survival was assumed to be constant over the duration of the study, while movement rates changed
seasonally to describe a herring population that moved towards the entrances after spawning, had a long
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Figure 4. Schematic of the multistate model used to describe herring movements between acoustic
arrays (solid line= movement; broken line= mortality).
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average residency time in the GOA in the summer, and returned to the spawning area the following
spring with high fidelity. Incomplete detection of herring moving through the outer entrance

array (detection probability=0.85) was simulated by including an indicator variable for detection at the
outer entrance array. The detection indicator variable was populated by a random binomial with a
success probability of 0.85. Residency periods at the outer array with a 1 were observed, while
residency periods with a O were undetected and removed from the dataset.

Additionally, the simulated population had different annual survival rates (S) based on group
membership (two groups). Group membership was assumed to be related to length, weight, or body
condition and, therefore, would be known to researchers. Two effect sizes, a moderate (S=0.85; S=0.71)
or large (S=0.88; S=0.68) difference in annual survival between the two groups, and five sample sizes
(60, 80, 100, 120, and 140 herring released with 50% in each group) were considered. During each
simulation the data were fit to two models, the full model with two survival rates based on group (the
true model) and a reduced model with a single survival rate, and AICc was calculated for each model.
For each simulation scenario, 350 datasets were generated and statistics relating to model convergence,
model selection, and parameter estimation were recorded. Model section statistics (AAICc= AlCc full -
AICc reduced; percent correct= the percent of simulations where AlCc full < AICc reduced) indicate the
effect size detected and the probability of selecting the true model. Parameter estimation statistics
(percent bias, percent root-mean-square error, 95% CI coverage, and 95% confidence interval half-
width) assess the accuracy and precision of the survival estimates (Miller 2015).

The formulas for percent bias and percent RMSE are

1) Percent bias = 100 * (_SeSf_Strue) |

Strue

- 2
2) Percent RMSE = 100 * (Sest Srrue) ,

Strue

where Se IS the estimated annual survival rate and Sy is the true annual survival rate of the simulated
population. Finally, percent bias, percent RMSE, and 95% CI half-width values from the 350
simulations were calculated for each simulation (N = 350) and the mean value was reported. This
analysis was conducted using R (R Core Team 2014) and the RMark package (Laake 2013).

Model convergence in all simulation scenarios was high (0.95-1.00) and the probability of selecting the
correct model using AICc increased as sample size or effect size were increased (Table 1). Using the
correct model for inferences, estimates on average tended to minimally underestimate the true survival
rate (percent bias ranging from 0.4% to -1.8%), while the accuracy of estimates (measured by percent
root-mean-square error) improved as sample size was increased. The coverage of the 95% CI for
survival (i.e. the percentage of 95% confidence intervals that contained the true survival rate) was near
the expected 95% for all simulation scenarios (91-95%), though the precision of the survival estimate
(measured by the 95% CI half-width) increased as sample size was increased (Table 1).

Based on these results, a minimum of 120 herring will be tagged each year. This sample size will likely
provide researchers enough statistical power to detect large differences in survival in herring based on
measured biological covariates. Additionally, with this sample size we expect survival estimates to be
both accurate (percent RMSE<11) and precise (95% CI half-width <0.13).

Our power analysis provides an example of the statistical methodology we propose to use to estimate
apparent survival and the feasibility of applying these techniques to PWS Pacific herring stocks.
Apparent survival of other species with large home ranges have been estimated from fixed acoustic
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Table 1. Power analysis results for survival estimation and model selection using Multistate Markov
models. For each simulation scenario consisting of an effect size (moderate or large) and sample size

(N=60, 80, 100, 120, or 140), model selection and survival estimation summary statistics were

calculated from 350 datasets generated from a simulated herring population.

Moderate (S;= 0.85; S,=0.71)

Large (S;=0.88; S,= 0.68)

Sample size 60 80 100 120 140 60 80 100 120 140
Model convergence 949 974 994 994 99.7 949 974 994 994 99.7
Model selection
Median AAICc -1.58 -0.47 -0.01 073 146 -0.14 186 282 473 5.68
Percent correct 29.4 438 496 585 649 493 693 760 857 89.4
Survival estimation
Percent bias (S,) 09 -03 06 -02 -03 -05 -01 -05 -02 -01
Percent bias (S,) -06 -08 -10 -0.7 -13 04 -11 -11 -18 -16
Percent RMSE (Sy) 7.9 7.7 6.6 6.1 5.5 6.7 6.3 5.9 5.1 4.7
Percent RMSE (S,) 12.2  10.6 9.9 8.3 83 132 113 106 105 9.1
95%Cl coverage (S;)  94.1 91.1 946 926 931 919 929 922 934 937
95%Cl coverage (S;)  93.5 954 926 957 949 934 950 93.1 934 926
95%Cl halfwidth (S;) 0.135 0.117 0.107 0.098 0.091 0.12 0.105 0.097 0.089 0.083
95%Cl halfwidth (S;) 0.171 0.149 0.134 0.122 0.113 0.174 0.153 0.137 0.125 0.116

receiver arrays using discreet-time multistate Markov models, including Gulf sturgeon (Acipenser
oxyrinchus desotoi; Rudd et al. 2014) and broadnose seven gilled shark (Notorynchus cepedianus;

Dudgeon et al. 2015); thus, this methodology has also been successfully applied to real ecological

datasets.

Movement rate estimation

The rate of herring movement between PWS and the GOA will be modeled using continuous-time
multistate Markov models developed with the msm package (Jackson 2011) in R. Continuous time
Markov models are commonly used in survival analysis in the medical field (Duffy et al. 1995) and have
been used in a fisheries context to model Atlantic bluefin tuna (Thunnus orientalis) regional migration
(Miller and Andersen 2008). Our approach will be to use the multistate model depicted in Figure 4 and
estimate the transition rates (solid lines) and fix the survival rate (broken lines) at the estimated rate
from the discrete model output. All of the possible transitions between states form a transition intensity

matrix Q, such that:
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where @;; is the instantaneous transition rate from state i to state j. The @46 and ¢e4 transitions are
included to allow for incomplete detection at the outer entrance array (state 5). All rows sum to zero and
the probability of remaining in each state (transitions with state i = state j) is solved by subtraction. All
transitions to the mortality state are set to a fixed rate and the remaining 12 transition parameters are
estimated via maximum likelihood using the msm package (Jackson 2011). Due to incomplete detection
at the outer entrance array, censored states need to be included in the analyses. Herring last detected at
the inner array either migrated back into PWS (state 3) or moved through the outer array undetected and
migrated into the GOA (state 6); thus, these herring are considered to be in a censored state that includes
states 3 and 6. Similar to our approach for modeling herring survival, our hypotheses regarding herring
movement can be addressed by developing models with covariates relating to time and individual
biological characteristics and conducting model selection using AlCc.

Seasonal residency time

The estimated mean residency time at a given state can be estimated as -1/g, where q is one of the
diagonal entries in Q (i.e. a ¢ value with state i equal to state j) (Duffy et al. 1995). If transition rates
change seasonally, the corresponding seasonal mean residency times can be calculated. Additionally,
we will calculate a residency index for each tagged individual as the proportion of calendar days
detected at an array during a season and use this index to describe seasonal habitat usage (Cagua et al.
2015).

Spatial analyses

The multistate Markov model we used to estimate herring movement rates contained the minimum
number of spatial states needed to describe large-scale herring movements because these models are
“data-hungry” and become unwieldy as the number of states is increased. Therefore, spatially explicit
Brownian bridge movement models (BBMM) will be used to investigate fine-scale herring movement
patterns. These models are commonly used in wildlife ecology (Horne et al. 2007) and have recently
been applied to datasets obtained from fixed acoustic telemetry arrays (Pages et al. 2013). In brief,
BBMM estimate the probability of a tagged individual occupying an area over a given time period based
on known locations collected at an intervals during that time period. From this output, home range size
(km?) can be estimated and the seasonality of spatial use patterns (e.g., preferentially using Montague
Strait over Hinchinbrook Entrance post-spawning) can be examined.

Finally, statistics for individual receivers will be calculated to investigate spatial use patterns. The
intensity of habitat use will be measured by calculating total number of detections and total number of
individual herring for each receiver. Areas primarily used as corridors will be identified by calculating
the ratio between non-consecutive detections (first detection after being detected by another receiver)
and total detections (Pages et al. 2013). A non-consecutive detection will be defined as the first
detection of an individual at a receiver after previously being detected at a different receiver. A high
proportion of non-consecutive detections will indicate the area is primarily used as a corridor. Trends in
these receiver-based statistics over time will be examined to investigate seasonal and diurnal trends in
spatial usage patterns.
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D. Description of Study Area
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Fig. 5. Prince William Sound, Alaska. Our study will take place around spawning sites in northeast
Prince William Sound and northern Montague Island and the Ocean Tracking Network acoustic arrays
(noted in red).
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1IV. SCHEDULE

A. Project Milestones

Objectives 1 and 2 apply to this FY16 project. Objectives 3-5 apply to the next phase of this project
(FY17-20).

Objective 1.  Purchase and deploy additional receivers around the Ocean Tracking Network
arrays.
To be met by January 31, 2017

Objective 2.  Purchase acoustic tags.
To be met by January 31, 2017

Objective 3. Document location, timing and direction of Pacific herring seasonal migrations
between Prince William Sound and the Gulf of Alaska.
To be met by January 2020

Objective 4. Relate large-scale movements to year class and body condition of tagged
individuals.
To be met by January 2020

Objective 5.  Determine seasonal residency inside PWS, at the entrances to Prince William
Sound, and in the Gulf of Alaska.
To be met by January 2020

B. Measurable Project Tasks for FY 16

Specify, by each quarter of each fiscal year, when critical project tasks (for example, sample collection,
data analysis, manuscript submittal, etc.) will be completed. Please format your schedule like the
following example:

FY 16, 1st quarter (Feb 1 — Apr 30, 2016)
Apr Purchase acoustic receivers and acoustic release

FY 16, 2nd quarter (May 1-Jul 31, 2016)
Jun-Jul  Prepare moorings

FY 16, 3rd quarter (Aug 1- Oct 31, 2016)

Aug Prepare FY17 work plan

FY 16, 4th quarter (Nov 1, 2016 — January 31, 2017)

Nov Order acoustic tags

Jan Deploy receivers at entrances in coordination with Ocean Tracking Network cruise
Jan Alaska Marine Symposium

Jan Submit annual report
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