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Surveys and age, sex, and size collection and processing

Exxon Valdez Oil Spill Trustee Council Project 21160111-F
Final Report

Studyv History:

This study was a continuation of Exxon Valdez Oil Spill Trustee Council project 16120111-T.
Prior to becoming a Trustee Council project the surveys were supported by Alaska Department
of Fish and Game, but because there was no commercial fishery the surveys were slated to end
due to budget reductions. Spring aerial survey data have been collected by the Alaska
Department of Fish and Game since 1972 (Funk 1994). Herring age, sex, and size data are
available since 1973 (Sandone 1988); however, collections of both data sets have been more
extensive since the early 1980s.

Aerial surveys were used to document spring herring biomass and were the primary management
tool prior to the development of the first age structured assessment model in 1988 (Brady 1987,
Funk and Sandone 1990). Biomass is estimated as school surface area converted to biomass from
a few paired observations of aerial observers and vessel harvests (Brady 1987, Fried 1983, Funk
and Sandone 1990). Surface area and biomass conversion methods are as described in Brady
(1987) and Lebida and Whitmore (1985). Prior to 1988, the aerial survey program’s primary
objectives were to collect biomass data for an annual index, document the distribution and linear
extent of milt, document herring temporal movements, and document the distribution of the
commercial fleet (Brady 1987). Additionally, the locations of large aggregations of Stellar sea
lions and other marine mammals were often noted on paper maps.

Age and biomass data from this project as well as the modeling and stock assessment project
(21120111-C) are evaluated annually by Alaska Department of Fish and Game fisheries
managers relative to regulatory thresholds in The Prince William Sound Herring Management
Plan (5 AAC 27.365). Summary results and discussion are published annually in Prince William
Sound Area Finfish Management Reports and in annual and synthesis reports to the Exxon
Valdez Oil Spill Trustee Council. Annual Prince William Sound herring summaries are also
included in the National Oceanic and Atmospheric Administration Gulf of Alaska Ecosystem
Status Report. Shapefiles of aerial survey observations and age, sex, and size tabular data are
uploaded to the Alaska Ocean Observing System data portal annually and age and size
compositions are disseminated to acoustic biomass, disease, and modeling Herring Research and
Monitoring projects. An analysis of historical shifts in Prince William Sound herring spawn
timing and distribution using aerial survey and age, sex and size data was published by
McGowan et al. in 2021.



Abstract:

This monitoring project conducted spring aerial surveys to document Pacific herring milt
distribution and biomass as well as the distribution and abundance of sea lions, other marine
mammals, and birds associated with herring schools or spawn from 2017 through 2021.
Additionally, this project collected, and processed age, sex, and size samples of herring collected
by spawning surveys and compiled annual age compositions. Aerial survey and age, sex, and
size data have been collected since the early 1970s and are an essential part of the age-structured
models used by the Alaska Department of Fish and Game to estimate the historical and future
biomass for fisheries management.
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Project Data:

Data and information products developed during the reporting period include: 2017-2021
individual aerial survey maps (distributed to Herring Research and Monitoring participants, other
herring researchers, and a variety of stakeholders within 24hrs of survey), 2008-2021 aerial
herring biomass observations shapefiles, 1973-2021 aerial herring spawn observations
shapefiles, 1997-2021 herring aerial survey routes shapefiles, 2008-2021 aerial survey marine
bird observations shapefiles, 2008-2021 aerial survey marine mammal observations shapefiles,
2008-2021 aerial survey sea lion observations shapefiles, and 1973-2021 age, sex, and size data.

https://gulf-of-alaska.portal.aoos.org/#metadata/351d35d8-1611-4762-9¢10-8e2e970755¢c4/project

The data custodian is Carol Janzen, Director of Operations and Development, Alaska Ocean
Observing System, 1007 W. 3™ Ave. #100, Anchorage, AK 99501, 907-644-6703.
janzen(@aoo0s.org.

Data are archived by Axiom Data Science, a Tetra Tech Company, 1016 W. 6™ Ave.,
Anchorage, AK 99501.
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Surveys and age, sex, and size collection and processing

EXECUTIVE SUMMARY

This project helped meet the overall program goal of improving predictive models of herring
stocks through observations and research. There were no proposed hypotheses to be tested
directly from this project; however, this project continued long-term monitoring programs to 1)
conduct aerial surveys to collect data associated with spring Pacific herring (Clupea pallasii)
spawning events, 2) collect and process age, sex, and size (ASL) samples from prespawn and
spawning aggregations of Pacific herring, and 3) provide vessel support for spring disease
sampling, and collection and processing of ASL samples for target strength assessment.

Spring aerial survey data have been collected since 1972. ASL data are available since 1973;
however, collections of both data sets have been more consistent since the early 1980s. Aerial
surveys were used to document spring herring biomass and were the primary management tool
prior to the development of the first statistical catch-at-age model or age structured assessment
(ASA) model in 1988. Prior to 1988, the aerial survey program’s primary objectives were to
collect biomass data for an annual index, document the distribution and linear extent of milt,
document herring temporal movements, and document the distribution of commercial fishing
boats, fishing tender boats, and processor boats.

In 1987, J. A. Brady of the Alaska Department of Fish and Game (ADF&G) described how
herring arrive on the spawning grounds over time and may be available to document on multiple
aerial surveys. Therefore, the biomass over several days of surveys cannot be summed to
estimate the total or peak biomass. Consequently, peak biomass was calculated as the largest
biomass observed in all areas on a single survey. Brady also detailed how the variable
bathymetry of herring spawning areas in Prince William Sound (PWS) has a large influence on
the observer’s ability to see herring schools. Herring may spawn in shallow bays (e.g., Rocky
Bay, Montague Island), shallow beaches (e.g., Hells Hole beach), or deep bays (e.g., Fairmont
Bay on the North Shore). The influence of bathymetry on observer efficiency suggests an aerial
biomass index will probably not be comparable across years. Although peak biomass values may
be a useful relative abundance, issues with biomass observations caused ADF&G to investigate
the use of an index of spawn from observations of milt. The advantages of milt observations
compared to school biomass observations include a lower likelihood of double- or multiple-
counting because herring schools likely spawn a single time (e.g., a single day), but a herring
school may be observed for several days prior to, or after spawning. Milt is also relatively easy
to observe from the air across a range of survey environmental conditions and observation
efficiency of milt is generally not influenced by ocean bathymetry; however it is likely one factor
that will influence the biomass of spawning fish for each linear mile of milt observed. Further
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research by Willette collected paired spawn deposition survey estimates from dive surveys and
aerial survey estimates of miles of milt; the short tons (dive survey) per mile of milt (aerial
survey) were much larger on Montague Island beaches when compared to short tons per mile of
milt in northern or northeastern PWS beaches. Montague Island shoreline typically has large
shallow, subtidal areas with complex kelp structure while the northern and northwestern beaches
tend to have a steeper gradient to deep waters and less complex kelp structure.

Two indices considered for spawn documented from aerial surveys were 1) discrete miles of milt
over the season and 2) the sum of miles of milt for all survey days (mile-days of milt). Discrete
miles of milt do not account for multiple spawning events in the same area, so are unlikely to be
a good index of total abundance in areas with multiple days of spawning on the same beach.
Mile-days of milt probably provide a better index to abundance because they account for
multiple spawning days on the same beach but may be biased if the number of surveys varies
significantly across years. In 2008, ADF&G began using a tablet computer and a geographic
information system (GIS) application to collect aerial survey data. Because digital maps are
scalable and allow much more data to be added to a small area (contrast with the 25 paper maps
used prior to 2008), and because of interest in herring predators distribution and abundance,
additional effort was employed in documenting numbers and locations of predators such as
Stellar sea lions, humpback whales, killer whales, Dall’s porpoises, and bird aggregations
(mostly gulls) associated with herring schools or spawn.

Age, sex, and size data from Pacific herring have been collected from commercial fisheries and
fishery-independent research projects since the early 1970s. ADF&G currently has an archive
containing approximately 210,000 scales paired with size and sex data. Processing methods are
similar to those published by Baker et al. (1991); however, electronic fish measuring boards have
been used since 1989 to enter sample summary data and individual fish data (standard length in
mm, whole body weight in grams, and sex) at the time of processing. Gonad weights have been
collected from prespawning fish (both sexes) in most years since 1994.

Scales are used to estimate age for PWS collections rather than otoliths because they are much
easier to collect and prepare for examination. Additionally, research published by Chilton and
Stocker (1987) reported that Chi-square tests of age compositions from paired otoliths and scales
collected off the British Columbia coast could not refute the null hypothesis that they were from
the same population. Interpretation of age from otoliths indicated that there were older fish than
interpreted from scales; however, few fish older than age-10 are found in PWS, so fish
interpreted at age-9 and older are combined into an age category 9+. No age validation or tests of
paired age structures have been completed for PWS herring.



This project conducted aerial surveys to collect data related to spring herring spawning events,
provided vessel support for disease sample collections; and captured and processed herring to
generate age, sex, and size summaries and mean target strength for acoustic biomass estimates.
Aerial survey, acoustics estimates, and ASL data sets are essential parts of age structured model
ADF&G uses to estimate the historical biomass and project pre-fishery run biomass a year ahead
for management. Additionally, the mile-days of milt and ASL data are part of the Bayesian
formulation of the ASA model.

This project documented mile-days of milt and age composition of the spawning population of
Pacific herring in PWS from 2017 through 2021. The 2018 mile-days of milt estimate is the
lowest documented estimate since the surveys began in 1972. Mile-days of milt have consistently
increased since this historic low, primarily driven by the large recruitment of age-3 fish to the
spawning population in 2019. This cohort has composed a large proportion of the spawning
population since.

INTRODUCTION

Pacific herring (Clupea pallasii) are a critical link in pelagic and nearshore food chains between
primary production and higher trophic levels and are an important food resource for a number of
piscivorous predators (Livingston 1995). Additionally, Pacific herring have provided valuable
commercial fisheries throughout Alaska’s history and subsistence fisheries that pre-date recorded
history (Woodby et. al. 2005). Beginning in 1993, the Prince William Sound (PWS) herring
population experienced a sharp decline (Pearson et. al. 1999). Various hypotheses regarding the
cause of the decline have been examined including the Exxon Valdez oil spill in 1989, the disease
pathogens hemorrhagic viral septicemia virus (HVSV) and Ichthyophonus hoferi, and density
dependent factors influencing overall condition (Hulson et. al. 2008, Marty et. al. 2010, Pearson
et. al. 1999, Pearson et. al. 2011, Thorne and Thomas 2008).

Commercial herring fisheries in PWS closed following the decline until 1997 when they were re-
opened but closed again in 1998 due to concerns over declining biomass (Pearson et. al. 2011).
Hay et. al. (2001) found that collapsed herring stocks on average take about 10 years to recover;
however, the PWS population has not recovered to pre-1993 levels (Woodby et. al. 2005).
Several hypotheses to explain the lack of recovery are being explored, including increased
predation by marine mammals, increased susceptibility to disease from lingering oil toxicity, and
interspecific competition and predation by juvenile pink salmon (Oncorhynchus gorbuscha) from
large hatchery releases. The lack of recovery is still poorly understood (Marty et. al. 2010,
Pearson et. al. 2011). Monitoring the PWS herring population plays an important role in
understanding the lack of recovery and enhancing recovery efforts for this resource.



Pacific herring begin sexual maturation at the end of summer and progress through winter,
reaching full sexual maturity in the early spring months. As they reach maturity, herring migrate
from overwintering areas and form aggregations in or near spawning habitat in shallow coastal
waters, typically large bays and inlets (Hay 1985). Herring spawn primarily in the subtidal zone
from about 0-4m in depth, although deeper spawning events do occur, and select for habitats
with aquatic vegetation present for egg deposition (Gerke 2002). Herring spawning activity is
typically conspicuous; milt concentration turns water cloudy white, and the herring school
attracts high concentrations of herring predators such as gulls, sea lions, and other marine
mammals (Hay and Kronlund 1987). These factors make herring spawning season an ideal time
to collect data regarding overall herring biomass, spawning habitat utilization, and herring
predator populations in PWS.

This five-year monitoring project was a continuation of aerial survey and age, sex, and size data
that have been collected since 1972 and 1973, respectively. Data was collected to meet the
overall program goal of improving predictive models of herring stocks through observations and
research. Furthermore, the results of both the aerial surveys and age/size structure are critical to
the management of herring commercial fisheries in PWS. The estimates aerial biomass as well as
acoustic biomass and age structured assessment (ASA) model outputs are central in evaluating
the population in relation to regulatory thresholds set in the PWS Herring Management Plan

(5 AAC 27.365).

OBJECTIVES

Data were collected to meet the overall program goal of improving predictive models of herring
stocks through observations and research. These surveys provided necessary biomass and
population structure data to evaluate herring stocks in relation to regulatory thresholds and
provide critical inputs to modeling, disease, and acoustic biomass projects. These data added to
data collected since 1972 (aerial surveys) and 1973 (age, sex, and size data) and are critical to
both PWS herring fisheries management and ongoing research efforts. Details of this project are
also described in Shepherd and Haught (2019).

Objectives of this project were:

1) Conduct spring aerial surveys to collect data on survey routes, location and linear extent
of herring milt, classification of herring milt, herring school biomass; distribution and
abundance of sea lions, other marine mammals and bird aggregations associated with
herring or herring spawn; and other relevant environmental or anthropogenic
observations.



2) Collect, process, summarize, and distribute age, sex, and size data from herring collected
during acoustics surveys, spawning grounds surveys, Herring Disease Program surveys,
or other relevant collections.

3) Provide a vessel (R/V Solstice) as a research platform for an adult acoustics survey,
disease sampling, and collection of pre-spawn and spawning Pacific herring samples.
Mean length from pre-spawn samples will be used to estimate Pacific herring target
strength for the acoustics work.

METHODS
Procedural and Scientific Methods

Aerial Surveys

Aerial surveys generally began in mid- to late March. First survey date was earlier if there were
reports of herring aggregations, spawn, or large predator aggregations. The first survey typically
covered the eastern side of PWS because the spawn timing is generally earlier on the east side
(Port Gravina and Port Fidalgo). The first survey was occasionally expanded based on boat or
pilot reports from other areas. Surveys continued once or twice a week until herring schools or
spawn were detected by a survey flight or reported by other pilots or boats. Once spawning
began, surveys were conducted daily in the area where spawn was detected if weather conditions
were appropriate. Surveys were expanded to other portions of the PWS area (North shore, Naked
Island, Montague Island, and Kayak Island) in April or based on pilot or boat reports. Survey
interval, duration, and area were adjusted in-season to allow available funding to last until
approximately early to mid-May.

Surveys were conducted in a float equipped, fixed-wing aircraft flying at an elevation of ~1,200
feet. Primary and secondary observers were used for each flight. The primary observer sat in the
back seat and used a tablet computer to enter survey metadata in a spreadsheet and georeferenced
survey data in an ESRI ArcPad application connected to a Bluetooth GPS (Bochenek 2010). The
primary observer also attached a camera to the inside of the back window facing out to collect
either video or a still image every 1 or 2 seconds.

The secondary observer sat in the front passenger seat and reported observations to the primary
observer, collected observations on paper maps as a hardcopy duplicate in case of digital failure,
deployed a handheld global positioning system (GPS) as a backup to the Bluetooth GPS, and
took georeferenced photos of spawning events, large biomass aggregations, and large herring
predator groups with a GPS-enabled digital single lens reflex (DSLR) camera and fast lens
(F2.8).



Herring spawn activity was located visually through discoloration of water in coastal regions
caused by the presence of herring milt (Fig. 1). The linear extent of miles of milt was estimated
visually utilizing landmarks, coastal features, and detailed GIS shapefiles. Milt observations
were digitized directly into ESRI ArcPad on the survey tablet using a stylus. Spawn activity was
assigned a qualitative descriptor based on density and extent of discoloration: active light, active
medium, active heavy, dissipating, and drift (Table 1). These categories were recorded in the
database associated with the digitized shapefile. Precise estimations of miles of milt were
calculated using ArcGIS measurement tools after the survey data was reviewed and compared
with digital photographs and video from the survey.

Biomass of individual herring schools was estimated using a surface area to short tons (st)
conversion (Lebida and Whitmore 1985, Brady 1987). A sighting tube with a known focal length
was used to calibrate observer estimation of surface area on a few herring schools at the
beginning of each survey. Gridlines within the sighting tube provide a visual reference for
known ground distances at a given elevation (Fig. 2). Herring school sizes were then estimated
based on the surface area proximity to gridlines within the tube and were generally split into
three classifications with corresponding biomass conversions: Small, medium, and large

(Table 2). Very large and/or irregularly shaped schools were visually separated into small size
class sections and the total number of these sections enumerated for the school. Size classes were
used as guidelines for estimating biomass of schools that fell in between the general
classifications.



& Rich Brenner (DFG) 2014

Figure 1. Discoloration of water due to presence of milt from herring spawning activity.

Figure 2. Gridlines within sighting tube used for calibrating estimation of herring school surface
area. The shaded circles represent herring schools.



Table 1. Herring spawning activity classifications by presence and extent of milt.

CLASS Description Example photo

Fish actively spawning, but little milt in
the water and very light coloring.
Active Light Usually some marine mammals (sea
lions, harbor seals, or harbor porpoises)
or sea birds associated with the spawn.

Fish actively spawning and moderate
amounts of milt in the water and much
lighter coloring. Almost always some
marine mammals (sea lions, harbor seals,
or harbor porpoises) or larger groups of
sea birds associated with the spawn.

Active Medium

Fish actively spawning, and large
amounts of milt in the water. The color is
usually bright white to blue green.

Active Heavy Almost always larger groups of marine
mammals (sea lions, harbor seals, or
harbor porpoises) or sea birds associated
with the spawn.

Milt that is likely from the previous day.
Very dispersed with few marine
mammals. May still be many sea birds on

Dissipating the beach eating eggs. Generally not
included in our summary of mile-days of
spawn unless we did not document the
active spawn previously.

Areas of milt that have drifted with the
current offshore or away from the areas of
active spawn. For example, tides or
currents regularly cause milt to drift
offshore for up to a mile or more off
points. Drift is not summed with active
spawn for calculating the total extent of
spawn.

Drift




Table 2. Herring school size class and corresponding surface area, diameter, and biomass
(short tons, st).

Size Class Surface Area Diameter Biomass
Small 1962 ft> (181 m?) 50 ft (15.2 m) 10 st
Medium 7850 ft? (725 m?) 100 ft (30.4 m) 40 st
Large 31400 fi* (2902 m?) 200 ft (60.8m) 160 st

Surface area of herring schools for the remainder of the survey were estimated visually without
the sighting tube after calibration and required the use of polarized lens eyewear (Fig. 3). Herring
school observations and size estimation were entered as point data in the tablet’s ArcPad

application, georeferenced via GPS or placed with the stylus based on landmarks and map
features.
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Figure 3. Aerial estimation of herring school surface area for conversion to short
tons biomass (Lebida and Whitmore 1985).

Marine mammal sightings were recorded in the tablet ArcPad application as point data, and bird
aggregations as line data, using GPS and landmarks. Marine mammals and bird aggregations

were identified at the species or type level (e.g., Stellar sea lion, gulls), and abundance was
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directly counted for small groups (~<30 individuals) or estimated for larger groups (~>30
individuals).

After each survey all electronic data were transferred to the local Cordova Alaska Department of
Fish and Game (ADF&GQG) network. ArcPad data were downloaded from the tablet for processing
with ESRI ArcMap. DSLR photos were transferred for editing with Adobe Lightroom. The
handheld GPS data were downloaded with DNRGPS software. Videos or images were
downloaded from the video camera using either GoPro Quik or Garmin VIRB software.
Observations on paper maps were examined for complete survey information and stored for use
in post-season processing.

At the end of the survey season, milt locations, classification, and lengths were adjusted by
comparing data collected on the GIS application to the digital photography and video imagery.
Estimates of large marine mammal aggregations (~>30 individuals) were adjusted by counting
individuals from survey photographs. After adjustments were complete, the individual survey
GIS data were combined into shapefiles for the year and then added to the historical GIS
shapefiles. These historical shapefiles allow comparison across all years for milt observations
(1973-2021), survey routes (1997-2021), sea lion location and abundance (currently 2008—
2021), other marine mammals (currently 2008—2021), and birds (currently 2008-2021).

Age, Sex, Size Sampling

Age, sex, and size (ASL) processing methods are outlined in Baker et al. (1991) with only a few
changes. Samples were stratified by area, time, and gear. Sample sizes (n=450) were set to
estimate the age composition of each sample to within +5% of the true proportion 90% of the
time (Thompson 1992) assuming no more than 10% of the scales were unreadable. Herring were
collected in the field and frozen in large 6 mm plastic bags with labels inside the bag that
document the date, time, location, gear, samplers, and the number of bags. Other information
including the coordinates of the sample location were collected and added to a sample log. Often
more than 450 fish were collected, so an equal number of fish were randomly selected from each
bag for processing to meet the sample goal. From the fish selected for processing, 10 fish at a
time were placed on a tray and their length was measured to the nearest mm using calipers
(standard length, tip of snout to hypural plate (Fig. 4)), and whole weight to the nearest gram was
collected from an electronic balance. Sex was determined from examination of the gonads
(1=male, 2=female, 3= unknown), and gonad condition was estimated from examination of the
gonad (scale of 1-undeveloped to 8-recovering from spawning). Weights were collected with an
electronic balance that was checked with calibration weights (and recalibrated if necessary) prior
to each sampling event.

10
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Figure 4. Standard length (tip of snout to end of hypural plate) and fork
length measurements (tip of snout to fork of tail).

A scale was then collected from the left side of the fish from a preferred area when possible
(Fig. 5). The preferred area is above the lateral line and 3—4 rows of scales back from the
operculum. This area generally has symmetrical growth patterns and distinct annuli. Scales were
cleaned and placed on a pre-labeled glass microscope slide after dipping in a solution of 1:10
mucilage glue to water. A single scale from each of 10 fish was placed as two rows of 5 scales
on each slide (Fig. 6). Scales were viewed on a microfiche to ensure they were readable for age
(not regenerated) then covered with a second slide and taped together at the label end of the
slide. All slides were stored in a labeled box or cabinet tray until examining for age.

Figure 5. Preferred areas for collecting scales for age from Pacific herring.
Numbers are in order of preference (#1 is most preferred). Scales collected

from left side of fish when possible.
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Figure 6. Example cartoon herring scale slide with scales 1 through 5 (top left to
right) and scales 6 to 10 (bottom left to right).

Once a sample was complete, data were entered into a spreadsheet. The scales were examined
for age interpretation on a microfiche by two or three readers. Ages were interpreted
independently and then the readers discussed any differences before agreeing on an age by
consensus. The crew leader spot checked all samples to reduce the chance of divergence of age
estimates by different readers over time (reader drift) in age interpretation. Ages were keyed into
the spreadsheet once age interpretation from scales was completed. ASL composition summaries
that included sample size, percentage by age class and sex, and mean and standard deviation of
weight and length by age class and sex, were generated. Historical data (1973—present) were
stored and summarized in spreadsheet form and in the ADF&G PWS herring relational database.

Data Analysis and Statistical Methods

For ASL data, age composition was estimated in each sampling event by gear type for time and
area strata with sample sizes sufficient to simultaneously estimate all age proportions to within +
5% at the 90% level of precision. Mean standard length and whole body weight was estimated
for each sampling event by gear type for time and area strata with sample sizes such that the
relative error is +5% at the 95% level of precision. Mean gonad weight of prespawning fish was
estimated for time and area strata with sample sizes such that the relative error was +5% at the
95% level of precision. Sex composition was estimated in each sampling event by gear type for
time and area strata with sample sizes sufficient to estimate proportions to within +5% at the
95% level of precision. For input into the ASA model, ASL data from each herring district is
weighted by the mile-days of milt in each district to estimate the total population age, size, and
sex data.
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Description of Study Area

The study area included all PWS and Copper River/Bering River coastal areas between Cape
Suckling to the east and Cape Puget to the west. The bounding coordinates are 61.300 N, -144.00
W and 59.750 N, -148.760 W.

RESULTS

2017

We conducted 59 hours of aerial surveys during 22 flights between March 22 and May 6, 2017
(Fig. 7). PWS herring schools observed in 2017 were less aggregated and smaller than observed
in prior years. Spawn was documented in eastern PWS near Knowles Head and Red Head (April
13—17); on the north shore of Hawkins Island near Canoe Passage (April 15-21); and near Kayak
and Wingham Island (April 14) (Fig. 11). Total PWS mile-days of milt were estimated at 9.50
mile-days, all of which was in the Southeast Area. No spawn was documented in other areas of
PWS.

A total of 3,595 herring were collected with purse seine, cast net and variable mesh gillnet from
Rocky Bay, Hell’s Hole, Red Head, Canoe Pass, and South Humphries hole. The overall
observed spawning age composition was 51.7% age-3, 21.6% age-4, 16.6% age-5, and 3.8% age-
6 and 5.6% age-7 or older fish (Fig. 8).
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Figure 7. Prince William Sound herring aerial survey effort and mile-days of milt.
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Figure 8. Spring Prince William Sound herring age composition by year, 1982-2021.
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Figure 11. 2017 timing and distribution of Prince William Sound herring spawn. Gray
lines are aerial survey routes.

2018

We conducted 39 hours of aerial surveys during 12 flights between March 24 and April 19, 2018
(Fig. 7). PWS herring schools observed in 2018 were less aggregated and smaller than observed
in recent years. Spawn was documented in eastern PWS near Red Head (April 7-8); on the north
shore of Hawkins Island near Canoe Passage (April 16—17); and near Kayak and Wingham
Island (April 13) (Fig. 12). Total PWS mile-days of milt were estimated at 4.52 mile-days, all of
which was in the Southeast Area. No spawn was documented in other areas of the sound.

16



e I e P | it T s T

ATA01R T

4/8/2018

4132018
4162018
41772018

U AT TR PR LA L bt SRR Tt i L E

Figure 12. 2018 timing and distribution of Prince William Sound herring spawn. Gray
lines are aerial survey routes?

We collected a total of 1,678 herring with purse seine and cast net from Rocky Bay, Hell’s Hole,
Red Head, Canoe Pass, and Cedar Bay. The overall observed spawning age composition was
27.6% age-3, 44.2% age-4, 16.9% age-5, and 8.8% age-6 and 2.5% age-7 or older fish (Fig. 8).

2019

We conducted 58 hours of spring aerial surveys during 19 flights from March 19 to May 3, 2019
(Fig. 7). Herring schools observed in 2019 were more widespread and numerous than in recent
years. Spawn was documented on the north shore of Hawkins Island near Canoe Passage (March
26); between Hells Hole and Knowles Bay (April 1-May 3); on the southeast shore of Green
Island (April 5); in Port Fidalgo (April 16-May 3); in Rocky Bay (May 3); and near Kayak and
Wingham Island (March 31-April 16) (Fig. 13). Total PWS mile-days of milt were estimated at
12.7 mile-days.
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Figure 13. 2019 timing and distribution of Prince William Sound herring spawn. Gray
lines are aerial survey routes.

We collected a total of 2,250 herring with purse seine and cast net from Double Bay, Canoe Pass,
Whiskey Cove, and Rocky Bay. The overall observed spawning age composition was 84.4%
age-3, 4.9% age-4, 7.1% age-5, and 2.7% age-6 and 0.9% age-7 or older fish (Fig. 8). PWS
herring, as well as other stocks statewide, saw a large recruitment of age-3 fish in 2019.

2020

We conducted 57 hours of spring aerial surveys during 20 flights from March 19 to May 10,
2020 (Fig. 7). Observations of PWS herring schools observed in 2020 were more increasingly
widespread and numerous. Spawn was documented at Red Head (April 2—4), Hells Hole, and
Knowles Bay (April 9-24), Canoe Pass (April 23-26), Double Bay (April 24-27), Zaikof Bay
(April 23-27), Rocky Bay and Stockdale Harbor (April 28-29), and near Kayak Island (April 10)
(Fig. 14). Total PWS mile-days of milt were estimated at 23.7 mile-days.
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Figure 14. 2020 timing and distribution of Prince William Sound herring spawn. Gray
lines are aerial survey routes.

Herring sampling surveys were not conducted from the R/V Solstice in 2020 due to the COVID-
19 pandemic. Instead, community members and ADF&G staff opportunistically collected a total
of 1,355 herring samples with cast net near Hells Hole and Red Head, Double Bay, and Canoe
Pass. Overall spawning age composition was 11% age-3, 79% age-4, 4% age-5, 3% age-6, 2.6%
age-7 or older fish (Fig. 8).

2021

We conducted 58 hours of spring aerial surveys during 20 flights from March 28 to April 29,
2021 (Fig. 7). PWS herring schools observed in 2020 and 2021 were more widespread and
numerous than in recent years. Spawn was documented at Red Head (March 28), Hells Hole and
Knowles Bay (April 1-7), Tatitlek (April 21-29), Boulder Bay (April 18-19), near Bligh Island
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(April 18-22), Port Etches (April 21-22), Hawkins cutoff (April 18), Canoe Pass (April 19),
Zaikof Bay (April 19-20), Stockdale Harbor (April 20-21), Graveyard Point (April 20-21), and
near Kayak Island (April 16-17) (Fig. 15). Total PWS mile-days of milt were estimated at 25.6
mile-days.
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Figure 15. 2021 timing and distribution of Prince William Sound herring spawn. Gray
lines are aerial survey routes.

Sampling was conducted aboard the R/V Solstice and by private vessels contracted by the Prince
William Sound Science Center (PWSSC). A total of 4,120 herring were collected from 8
locations: Bligh Island, Canoe Pass, Double Bay, Graveyard Point, Hell’s Hole, Kayak Island,
Port Etches, and Zaikof Bay. 2021 was the first year an ASL sample has been collected from
Port Etches. Overall spawning age composition of PWS samples collected were 14% age-3, 14%
age-4, 67% age-5, 3% age-6, 2% age-7, and <1% age-8 or older fish (Fig. 8).
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DISCUSSION

There were no hypotheses to be tested from this monitoring project. We continued long-term
monitoring efforts of aerial surveys to collect data associated with spring Pacific herring
spawning events and collected and processed ASL samples from pre-spawn and spawning
aggregations of Pacific herring. These objectives were completed with methodology consistent
with the historical time series. The lowest level of documented spawn as well as the most
contracted area of spawn since surveys began in 1972 occurred in 2018. Since 2019 we have
observed an increase in mile-days of milt, spawning biomass and spawning area. This is driven
by the large recruitment event of age-3 fish to the spawning population in 2019 which was
observed in other herring stocks statewide. Length at age declined in most age classes between
2017 and 2019, reaching the lowest values observed since 2009/2010. Length at age increased in
2020-2021. Weight at age declined in all age classes between 2017 and 2020 reaching the lowest
values observed since 2005/2006. Weight at age increased in 2021. We have continued to
document a male sex bias in cast net sampling from performing concurrent ASL collections with
varying gear types, including variable mesh gillnet, purse seine and cast net.

This project successfully met the objective of providing a vessel, the R/V Solstice, as a research
platform and providing data to other Herring Research and Monitoring (HRM) projects. We
coordinated and collaborated with all HRM projects. We provided daily aerial survey results and
boat-based observations to field programs and ADF&G management and research staff. We
provided ADF&G personnel, equipment, and facilities for disease sampling (project 21120111-
E), and reproductive maturity sampling (project 19170111-D). We aged ~300 herring, collected
gonad samples, and provided transport logistics for the disease project annually (project
21120111-E). We provided herring ASL results to the adult acoustics survey (project 21120111-
G) and tagging and tracking project (211720111-B) and provided aerial survey and ASL results
to the modeling and stock assessment project (project 21120111-C) for the duration of this
project. ASL and aerial survey data were provided for spawn phenology analysis published in
Dias et al. (2022). During the COVID-19 pandemic, we performed disease sample collection and
field processing for the U. S. Geological Survey Marrowstone Lab in collaboration with the
PWSSC in 2020 and 2021.

The results of both the aerial surveys and age/size structure have been critical to the management
of herring commercial fisheries in PWS. The estimates of aerial biomass as well as acoustic
biomass and age structured assessment model outputs were central in evaluating the population
in relation to regulatory thresholds set in the PWS Herring Management Plan (5 AAC 27.365).

CONCLUSIONS
This project documented mile-days of milt and age composition of the spawning population of

Pacific herring in Prince William Sound from 2017 through 2021. The 2018 mile-days of milt
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estimate is the lowest documented estimate since the surveys began in 1972. Mile-days of milt
have consistently increased since this historic low, primarily driven by the large recruitment of
age-3 fish to the spawning population in 2019. This cohort has composed a large proportion of
the spawning population since.
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Multi-decadal shifts in the distribution and timing of Pacific
herring (Clupea pallasii) spawning in Prince William Sound, Alaska

MDavid W. MoGowan, Trevor A. Branch, $tormy Haught, and Mark 1. Scheuerell

Absirace: The lecation and thning ol spawning play a aridcil role in pelagic di=h survisal during eacke T siaped aned cam alloe
snbseguent reauiumimil. Speremdng pacterns of PacilEe herring (Chepas pallagh) serne examined in Prince Williom Sonend (E073- 201y
whire the population has falled oo recover since 118 collapse in 1953 Aboupt shifts in spavn disoributon poeceded the rapid
nrease in popalation size fn The 19803 and lager its oollaps: by one sl Dwo years, tespectvdy. Following (he population ool
Tapsee. spawning coniracied awsy rom historicd regions towarls southe sdern aneas of the Sound, and the propotion of oo
ried spavwndng arem declined Trom 635 do < 9%, Fpatial differences in spawn tindng variation were alao apparend, as the median
spawn date shifred exrlier by 26 days in easrern and 15 days in western areas of Frince Willizm Somnd betwesn 1980 and 20065,
and then shifred farer by 25 (easrern) and 19 (western] days ower & 2ecar period. Effecrs of sontracted spewning areas and thming
ahifts o frzeyear sarvival and Fecrudmmens are unsortain and require fame ineesogation

Efsumnd 2 L B on e moment du fral josear o pole critique dans 1a survic 4o polssens pilagiques durant les promiires
Crapes de la vie et peovent avedr e indidence sar le recmilement subségquent. Kous avend cxaming bes motids de frai du
hareng du Pacificpee [Chgpes palbasy) dans e golie do Pomes William (19732009, ob 12 pepalation me 5'est pas cnoone rétablic
dans 13 oulée de som elfemiientent o 1993 Des Changoments abmprs dela répartition du ezl ont précddd. dun et de dewx
nns respectivement, Fangmentation rapide de la popelaton dans les années 1980 et som effondrement plos mrd. Aprés Uef
Fowdrement e 1o popalatian, Paive Qe répartition g feal 2%t controeiée doms let gecienrs istoricques Be Teap pomre @
deplacer wers des secteurs do sad-estdo galfe, et la proportion des e de frad mooupés est passée de 65 8 8 <9 % Des différ-
ences spatiales de la variation dn moment du fai ressortent #galement, la dare meédiane du frai Stant de 26 jours phs
hirive dems bes sectears estet de 15 jours plas hilive dams les secoears ouest du golic on 3008 qu’en 1980, pour cnsuiie fre
reponssie dde 23 jonrs (3 Vest) et de B jowes (37 mes) sar one psriode e 7 ans, Les effees de 1a comractdon div la népartition
o Trad et des changements do meanent du il sor 12 survee e e reaatenent durant 12 premiine anode ne smt pas bien

dlanliz el nécemilenl plus & étedes, |Traduedl par L Rédaction]

Introduction

The Incaticm and time of spawning plays a critical mle in the
survival of pelagic fish during early life staes that snbsequently
affects mecmuitment. Bor herring (Chipea spg], spatial diffensoces
Ao E speen ing sives can influen oe embrpe mortalite rates (Reoper
et al 1999, Shelnon et al. 2004, Keellng et al 2007] and the transper
and retention of laree i nursery aress [Sinclair and Tremiblay 19846
Conwam amd Shans’ 2000, Termporal sliiffs in spavwm ing can afiect ihe
duratiom of emg and laral stages [Houde 20081, predation risk, and
thee availability of prey to lazvae derving the coitical cacly feeding
period iCushing 1990)

& fypical Pacitic herring (CBipda pallash, hereatter herting pop-
ularlon will collectwely spawn barches of eges over apeclod ofdays
o mnnths seross numerous sies (Hay 1985), a seategy wlich is
adapred 1 inerease opportunities for herring ofcpring to suvive
early [ife smges. Althougd individual berrng spanen coce per sea-
5001, STaggered spawWing across The entlre popilarion i space and
tie T the el of hedging agains! aneertipiniy in the timing

and Incation of oprimal conditions for ege and larval servival
[Lambert 19940, Spatial amd tempoml diversiby o spasming amiomg
metxpopulations alko bulliers the larger population fom abon-
danoe Hucruations (Le., the pertfolic eftect; Schindler ef al
2000)  herring spawning that Is broadly distribumed o space
amd time increases population resilience o pertuthations in
their envirenment (Hay 1985; Lambert 1987; 5iple and Franiis
20i6), Accordligly, changes b the number or spatial diversloy
of spawning locatlans, and reenporal shifts ta fle snser ar dura-
ton of spawning may Impact leng-rerm productivity of kerring
populaticns (Ruzzainte of al. 2006; Dragesund et al, Z00E),
Spatial patrerns of herrlng spaswnlig are detenalized by popu-
lation size amd processes that affect fidelity to spawning areas
il dispersal to e kocations (Ware atid Schweigert 2000; Flostrand
et al. 2009). The perslstence of spavwning at known lecadons
over a number of vears mdicates conservation of migration par-
teTNs a0 generations, while vazistions from established migma-
tion patteris indicateés anying or diffudion that resudes in the
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colonization of new arcas ot Tepccupation of previonsly active
lecations [Peritgas of al 200:6). Young hecring are hypothedized
to learm migration patterns by schealing with elden repeat
sparwrners in tloe vear befiare rhey fivst spavin and follosw them ro
spdrwiing areas, ferely ereasing the Hxellood of eross genes-
atien fdelity to the genenl spawning area in sucoesive years
(M Ominn 1997, Corten 20002; MacCall et al. 20090 Hthis hoppethe-
siz is trae, vaTiations in migration patterns wouald ocour if the
woclal learning process & dlsrupred due to naive fish not miving
with older fish, svock collagse, or & predominance of naie fih
following a strong recmitment (Huse of al. 2002, 30H); Corten
2002, Unpuided young herring may also be mere likely o stray
from mipratien pamerns done to increased sensicvin: oo environ-
mental comditions |Macdonald et al. 2008), thus expanding ot

Open access publication available at: https://cdnsciencepub.com/doi/full/10.1139/cjfas-2021-0047

Gan | Fisle Aguat. S, Yal. T, 2ok

Fip. 1. Prince Willinm Sound herring slock asseasanent model
estimrates fim [A) medan spawning stock hiomass (357 and (6 manber
of age-1 rermiits from 13980 to 2009 (]. Trachta, University of
Washington, perserul commoamcation, 23 Decoemiber 2009, Shaded
area inclicates 9% confidence intereal Cohart sizes greater than
220 pillion age-3 poonadts (dashed Une) are considencd sToong
recruitment evenls [EVOETC 2000k

A)
150

S8B (10008 1)
3
I

4 10T popalation distriborion. Lange perterbations o he envi-

g rantnent may alao affict adult migration patterns (Pefitgas ef al.

) 26|, Enowledye of spawning areas may be Jost when a metas 50

o population experiences high mortality due to natatal processes

= fe.g., disease cutbreak, localized predaticn) or anthropopenic

= effects {fisherles, ¢ll exposure), thereby atfecting the diversin: o=

i and number of spawniog sites and porentially altedng repro- T T B s 1
" ductive sucress. 1880 1850 2000 2010 2020

In the Mortheast Pacific, interausnmal variations in herring
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sparen Tlnfog have been pelmarlty arrcibured to papulation dein-
oprraphics and temperature {Hay 1985; Ware and Tanasichak 1589).
Gonad maturation mate s determined by sl seighi aod daily
temperature (Ware and Tanasichuk 1989, resulting in eartiier
spawning by latper fish and during warmer years. In popula-
tlons comprising maldple age cobors, spawning may be stag-
weresd di disceen waves with elder Hsh spawning earlier chan
voenger fisl (Hay 1985, Ware and Tanaslehuk 19890 1F popula-
tion e strouchere 5 dominated B ove cohert or trunearted by
fishing [eg., RBamedt et al. 2007}, spaswning cwration is [feely to be
shorrened, Stare-dependent lifihistomy modelng akn sugsests chat
wariations in oo availabdliey e adalt fish may resalf in spawn
timing shifts to optimize self-fitness {Ljnngstrim ecal, Hng)

W exantined changes L spaswvning pamtecns in a once-thriving
herring population in Prince William Sound, Alaska, Herring ace
a key forage epecies in this ecosyspem, and chey have suppered
comoterclal fisherles for more than a cenmwy [Muoradlan et al.
27). The population collapsed abruptly ln 1593 {Quing et al,
2001; Deriso et al. 2008; Hulsan et al. 2008, Muaradian er al 3T
and has vet to recover to pre<ollapue biomass evels dwe to a lack
of smong vear classes that recrnit and catry throngh the adnkb
population (Bl 14). There is uncemaingy as i the canses of the
initial popolation coblapse and subsasguent lack of recovery, with
hypotheses including poor nwtrition (Fearsen et al, 1994, 20025
infections diseaze [Rice and Carls 2007, Hulson et al 2008, and
the cnmbined effects of the 1989 Frwon Valdez oil spill and owerex:
pleitarion by the fishery (Thorne and Thoemas 2008], Conrined
levw prapuilation size dd poor recraitmient have beer anrbured
o repeating disease cycles From maliple pathegens (Rice and
Carls 2000, shifts in enviroomental conditions in the Gulf of
Alska [Pearson et al, 200E Ward et al, 2007, Immpback whale
iMegapiers novicongiioy| predatlon (Pearson et al. 2012], competi-
tion writh havehery-released pink salmon (Cscertiyncius gorfnischa)
(Deriso et al 2008, Pearsen et al 2002, socl careliae abaornalities
resulting from trace exposure to lingering oil (Incardona et al,
2015). 5ince the collapse, no Tecmuitment events ave come close
to the magmitude of the 1980, 1981, 1982, and 1958 hinth years
iMuradian et al. 27, and thers Trave enly Been ren colens of
mnderate size [1999, K6 birth years)in the past 20 vears (Fig. 1
I- Trachea, Tmiversity of Washingmon, persemal commmnication.,
23 Docemnber 2019, coeating nncertalony a5 to which conditdons
are required for recavery,

The match-mismateh lyppethesis [Cushing 1996) and porttelio
effiect (Schindler et al. 2000) highlight the cricleal bflwenos that
apawn timing and location, and diversity ol spavwninsge areas, have
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on berelog reproductive success. We used 4 47vear tme serles
of spavnicg distributions I Prince Willlam Soand fom acrial
sHEvey daks fo eXarnine (1) deckdal and fntetanmual s1ifrs in the
distribaden of spawn lecadons; (2) [orerannupal shifts In spawn
timimg; and (¥ the spatial stractare of spawning areas based on
spawi thming rrends. Recrudnment dynamies and spadial parrerns
of papalation age stewcrare, comeercial harvesr, and fmpacred
coastline from the Exson Valder oil spill were alse examined o
asess whether shifts in spawring distributions aoincided with
spatial ehanges Lt recridement and keeal explolearion, and the
oilspill

Malerials and melheds

Data collection

Active herring spawaing was observed durlng acrial sareys
comductigd by the Alaska Department of Fish and Game (ADESS)
o el Feinee Williao: Soosd manageoeal aes Beeswesn 1972 aed
2019 Thie ADFRG aetial sumvey s @ Den-Tandem survey that amemprs.
o accrnnt fiw all spasming within the Seond. Weathwr, fime, and
luneling constraints prechade implementation of & codomized or
complete survey deslgn: therefone, fieht plans ave based on the
most recent infermation of whete herring scheaels and spawning
s regations are mest Ekely o be locared Brorm memiemsis soaes

& Published by Ciinintiin %cenie Pahlishing
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Fige. 2. Prince Willion Sowrd managemenl area. Bed bax weilhin [he insel map of Rorlheast Pocific sutlines the study drea. Bathymelric
‘blue) and gecpraphic (bluck) Eatures mentioned in text are labeled. Maps oreat=d vaing ArcCIS B0 with deta o the Alasks Department af
Barral Resnarres [RNE 2008] and Fsri (Esri 2000 |Cobonr ondine.]
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that inchade fish and marine mammal distribatians from the pricr
flay, Teports fhom boats on the Sound, and observations from non-
snrvey theht ratfe

Active herrimg spawn is messured as the total Jength of mil
clomds along the coastline per day (nlle-days of milr @ oelle
LGS ko] Tollewing Shephierd and Haisglt (2009 Mile-days of
milt isa key index nf relative abundance in the stock assessment
for Frince Willlam Sowrd herring (Muradian et al. 2017, Aerial
srveyd are flown berween lare-Barel and mld-May {refer to
piline Supplementary Takle 519, Ar the st of each spawning
siasim, s hednbed sarveys are flowm onoe or tasiee per week, and
then flavwmn more frequent )y fuge ra twice a day) when spawn bng or
PFE-RTAYAE 1 A e aRion s are oheerved. SuTvevs end when Thers
% ne ohserved spawning or anecdotal repares af spavwming inthe
Souued Surveys ane fown alecg the coastline o approximately
Al 11 (15 fr ) altitude for up to 5 howrs, covering about B00 km
150 i) per survey.

Survey covecage las cbanged over the soudy perlod. Prioe 1o
1981, eoverage was prinsaeily o the aortemm o eastern Soaied
fixrmn Glacier Islangd and lower Valder Arm e Poct Sravina, and
the sonthern Bomnd alomy the narthern coasts of Hawking and
Hinchinbrook islands and Mortheast Mo goe [sland (Fig, 2. Sup-
plementary iz 5L In the 19808, surveys were expanded to e
farthern Sound west of Glacier Iskhnd to Faher [slamd, and o the
vestern Savmd to imchnde Knight. Maked, and Ferry islands. 2007
actlidonal sucvess were flown nfregqoently over Kayvak [sland.

Erior po 2008, muost SLIVELS wWiele conduoted i}}' d.l.'lil.tl[ and one
observer who photograpbed and revorded spawn observations
ot paper maps (Rrady 1987 Skace 2008, 31 addivional observer
has been added and spawn ohservadions are digitally recordsd
inflight 3= polylines nsme Fari Arcladl (Beri Ine, Bedlands, Cals-
farnia) witly a Bluetooth G fivd meoreferening (Shephend and
Haght 2008, Poseprocessing of digital dara uses photographs

amd vides to refine the mile-days of milt data in A7cG1S (B Mme.,
Redlands, California). Obsemvations originally recerded on paper
maps were digiteed as polylines in ArcGE. Sumvey effon was on-
verted tn polymns from hidocical Togbooks (1973 to 1999 ar poly-
lines for the Jater georeferenced flight paths (997 o 20049,
Processed spawn and survey effort data {1973 fe 2018] are pub-
ligly availakie thrcigh 1he Aleka (hean Ohserving Sysrem
[https:ffportal. acos.crg, Bochenek 2000; Haght and Moffite 2mej,
ol were cembyined for ehis shady with somvey dara from 209

Spatial analysis

Sorvey coverage and spawning data were pactifioned  ingae
2 kn M3 kmgrid cells (Fig. 3] ArcGis polylines and polpgans
thar occurved In two ar more grid cells wers spll nes seginents
ar e borders of each cell. Tolyline segments fior mile-days of
milt were assizeed valoes sgquivalent b fe ength of the ses
mert wrhin the grid cell, Lrid cells were assigned hinary valies
s APy core e (1 = 10 coVerage, | = coverape] nised ol (over-
age palvgen or palline serments, Comdistent witl poior analyses
of spawn patterns in Prince William Sound, grid cells wers
grouped into regaons (Fig. 3) based on ANPRG herring districes
witidn e Privce William Sound managemert area (e, Russel
et al. 27 Weomtagoe Tilimd, Maked Bland, Morth Shere, Mot heas?
Shvgere, Sourheast Shone, and Kapak island,

Spatial patterns of herring spawming were characterized at dec-
adlal and iererarmineal scales aorass Prince William Soond and by
regiom from 1972 to A9 To examine decadal spatial patterns,
milledays of mile (M) were summed withie each geid cell By
decade, and plomed by decade as guanriles of all years cotibined
in W increments. To examing inferarmnal spatial patterns,
MDA wales were smmmed within each grid cell by year frem
TS5 b 2009 Cantlles far arniwal MO valimes were calealated in
B terements for a1l years combitie] and plorted as Hear maps

‘Supnlementary dara are svadable with che arriche ar b fdal oegt0 0 =S 20010047

& Published by Canihian Scenie Pahlishing



b com by TSE 14514 240 on 12/30022

1EMCE P

T Fish. Acpont. Sc1. Diesenloaded from odnee

T |

i

pL3o

Pzt 3. Houmdaries ke Primee Willion Sacmd megicnss ond the Coll of
Alasks adapted from appendix Gd in Bussell =t al (207, Kumbered
10 km =« B0k grid cells indiczte areas within sach reginn where
hierring spewning waa nhasrved between 1970 and 20059 Map mreated
nsing ArchES W70 wirh data froan che Alasks Department of Namral
Ecsouroes (ADKE 2018].
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by year and grid cell. Grid cells with pesitive sumwy coverage
waluwes foor each year were identified in rive hear map fe indicate
tnrerannual changes in the survey domakn. Te show [aterin nial
spatial variatioms it commubarive spaven, MDM vabnes Were sammbed
armnss srid cells within each negion y year.

To gquantify interannwal changes in bow cvenly distriboted
spawTing was across Prince Willlam Sound, we used an index
of spatlal dispersion (Fayne et al. 2005) adapied fhom Pleloo (1966)
apecive et Dules, asel B oaen oo Shanoon's species diver
siry index {Shanmon and Wesaver 1909

b e
) =
i1 K= o

where py 15 The propaortion of fatal spawn (MDA in each grid cell
Jln yeart, and 2 ls the total pcumber of geld cells o which acdve
spatwiling was observed within Prinee Wik Somod inany year
hetween 1900 and 24, ODhsenations from the Ws and Kayak
telamd wrere not included In the dispersion index caloalation due
to gaps L sarvey coverage [udex values D) gange from o dall
apawning im one grid cell] o @ jevenly distributed acress all grid
eells), Althongh net all grid cells were sarveyed each yvear, under
this approach we assume that all grid cells were either directly
samnpled by the survey or indizcctly via other methods (c.g, ancc-
dotal repors from other averatt or vessels) vach year It s not
Enown what proportion of total spawn remains unobseooed each
year, bur the dispersion index is assumed to be sufficiently robuast
oo guantity reladve changes in evenness given the high propor-
tion of sipss{ = 50%) that are sampled each year (Payoe et al 2005).

T aseess AF shifts In epasming disrributions ooineided wirl
spatial changes in popalation age strachive and recriffment
patrerns, age composition dita wers summarized within each
reginn and compared fo spadning spatial pattetns. Herring ase
data have been coliecied from catches and survevs since the
19708 (Shepherd and Hanght 2009, and e vied n the stock
assessment (Muradian et al. 2M7). Age composition data were
summarized for hecring twe years ol older by region From
1984t MY using commercial catch and swoney samples col-
lected by purse seine cr cast net. Data were pooked for Marel
Shore aid Maked Ialand due 1o low sample sizes. We compared
e coemipasitions amnng the segions by vear to determine if there

Open access publication available at: https://cdnsciencepub.com/doi/full/10.1139/cjfas-2021-0047
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were sparial diffirences in Termitment pamterns af the seven lanpest
coberts with =220 million age3 recrudts (P T EVOSTC 2000
Muradian et al 2007]. We asstssed whether restonal ditfnences (o
dge dtructiene coincklesd with changes in spavaing distribations

Commeercial catch data were alse sammarized by tejrion to
assess whether local expleltaton rates greater than 20% pre-
ceded sharp declines in spawning. This threshold was based o
the mardmnm management targes Tate of 20% harsest for spawn:
ing hiarmass throghont Prince Willkam Seund (Prince Willlam
Semand Herring Management Flan, 5 AAC ZT065bY. Fivh ficker
records [ADTRG 20094, 20191 Ffor the pomse seine and @mllnes sace
rie fisheries and the spawp-on-kelp pound fishery wers surmar-
ized within éach region Fam 19806t 1999 the Lise vear in which
commercial fishing ecewrred. Landings from the sac-roe fisheries
were repored i total whole fish weight [0 The poand fshery,
in which hersing were fitpodnded o praduce gpavwi-on-Relp,
reparted only the spavrr-on-kelp product weighe (1), 1o penerate
pound-shery landings dara equivalent w the sac-roe fisherdes,
wieused a conversion fotor developed by ADTRG [0 estiate the
weight ofutilized berring binmass, that assanes 25 tof herring
woid i produce 1 eof spavwn product [Morstad e al. 1992), For all
fisheries, catch data were pooled for Morth Shore and Naked
Islamel dme 10 vnoeTminty in the locstion of some reportes catches,
The kecatlon cf Ashing assoclaed with cach fish teket § was cross-
refervnoisl witl samuple locations Do the awe datalease aod
ADF&G annual management amed Teports to verity that com-
merclal catehes were acouranely Fadiied within each region.

The exploltaton rate (LW of the commerclal fishery in year s
within each region n was calonlated as

[ie., the sum of commercial landings from the three fisheries I
divided by estimated spawning stock biomass (S58) from the
stock sssessmenth 558 was allocated to regions by assaming thar
MDM in each region is proportional to 553 in each region (see
Flg 3. A Pearson's y” test for independence was nsed o deter-
mite if the prohability of changes in spawning of =50% from
thie prioT year AMDM] was similar imder difterent levels of lTocal
exploitarion. For each yvear and reglon, ehservarions wese catesn-
rized hased on the chadge in fofil spavm fram the prior vear
[AMT -2 5008, 500 < AMT < — 500, AMTM 3= 5068 and whether
e Jocal exploltacio care from the prioe yess was elttier bigh
[ER » 2], low {0« FR =02}, or there was no Hshing (ER - o).
A separate 3 9 donntingeney takle growped ohservations hased
on exploftation in the pricr rvo years: bigh [ER = (L2 in hath
voars: na fishing (B2 = 0} in both years; or all ather obsenvations
where exploitation was either high In only cne yvear or low
[0 LI = 002) D oo or borl vears. P ealoes were estlinaced uslng
Mente Carto s s lations seicle 10 00d replicates.

Spawning patterns were alse ewamined relative tothe distribn.
tion of shorellne Impacred by the Exeon Yaldes ofl spill. Spawn
distrlbutens weee summarized Lo four perlods: the decade
prioT te the spill (198012881 the year of the spill (1989); the
three-ypear period following the spill thar preceded the collapsc
ol the herring popolation (P950-199Z); and the post-collapse
period [1992-2N%% Shoreline oiling data are from surveys oom-
ducted in the summer and fall 1989 and spring 1990 thar assessed
coastiine as hetg very Fehiy® ta “heavily® impacted by the spill
and channp |[ADNR 19964, 19965].

Temporal anabysis
Intesitnual sarladon oo spawe dming was exambred acmss
Primee William Sodened aid by vegion from TR0 o 2019, exchading
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Table 1. Number of days af sireey venige (mesi 1].1].1-}rr.u'_'~i. gl slamekard devition, 51 siommmarized by checade and region wilhin Frince

William Scund.

All Mumbapie Seniihees) B i) Mih Faked Euyvak

e giomEs Lland Shore Shore Share Island Ixland
Decade 3 5D ® 50 E 5D z 50 x D x D X 5D
1974 (B ] 24 1 L& I3 a6 mns a4 IT 28
Rl i 62 i L] 19.8 B 264 65 .6 L 158 9% (i8] n3
198 ng 83 T4 Ad 155 &7 171 ] 1.3 86 125 &3 — i
L s X1 &6 2.3 11 L5 L 2.2 54 L& L 5 oz 12
A0 164 R £h 4.1 163 42 14.6 23 44 a1 54 dd 1.7 13

L O D BT Y R et L TR TR S T o T

can T Fash Acgent S Dhownloaded from edns:

LS

i Tabie 2. Total spawm jmean niile-days of mileyear = %, avnd standard deviadon S0 summarized By decade and region within the Frince
% metﬂtaﬂmt. the Eayak Dlasd reglon s nor shown due o meondsnent sampling),

- All Monmage Sautheast Nantheas rowth Maked

= roEons Lstzand Sl Shate Shie Eslatel

it Derade 2 S0 = 0 ] 50 i 50 2 50 i 5B
- 1971 LR 207 hl A | 33 TiH Stk 15 -_ —_ _— -
- 1 B3 aLn ] i B T3 56,3 291 414 316 3 L3
; 150 &6.1 44,2 320 15.2 Bl 63 216 268 &7 a7 D& L4
2l 20 267 T2 Bl 40 ny 61 3.3 a1 12 21 D4 o7
= 2l A2G T 17 28 M3 o2 104 142 [E1H] [12+] i (]
F Ml A dudli |—| Dndicarea spal i1y Temitad oF v SUFs G erge. 1 miles 1600 Kk

3

= whiervations From the 19708 and Ravak 1sland diee ro survey coi- wilth unegiel varianees [iEnigue g, values on The diagosal amnd
& eTage waps n space and time. MDA valoes wene cammed within zeroes elsewhere]; or (3 correlatd; with equal varianoes [same g
i" vach reghon by day of wear (D0 and vear. Sarvey coverage and walue oo the dlagonal and the same gralue elsewlers).

spasT cvents were plotied by DOY and year for each reglen and
all repilons comblned. A time series of spawn tlining was calen-
Lared for each reglon based oo the day of year wien 50% of Toral
AT P et yesar Dl b observed, which corvespaneds with 1l
pealk of spawn ing activity in most years (Spplementay Fig 27

We fit multivariabe autoregress ve stane-space [MARSYE| mindels
1o e seshed af spanen thimbng for eaeh regdon, The MARSS Frame
wiork inchiedes separate obserntion and process models fo parti-
tinn toral varianee hetween cheereation (e, sampling] and prooess
e, envirmmmental perturbarions) error (Holmes ef al. 2002 and to
esthmiate the undetlying provess That represents frae spawn fiming
thom multple doe serfes wille accounting for milssing vabses,
atfocorielalzon wnong saotples, and samgling e’ associated
with acrial surveys, MARSS mindels can also be used te infer spatial
strncture of spavming aveas oo d etect regional differences in spamny
tlendng wslng Akalke's nformarion criteslan (ALC) madel seleet ot
e Wand et el 200 Hlodomes et al 20080 Siple and Francis 2006).

The MARSS process mode] teok ane of twn differene matrix
forms:

(30} % Dhm g+ owy, wlhiere ws - MWD Q)

(31 % - g+ 8w, whenew o MYNODL

Fquathen Sa b o mean-reverring srathonary process, where the
the o D VectGT X PEprEtetls Prue i Timing fer spateing arean
im vear LB i5 an nz «om matrix representing the strength of the
antoregressive prooess for eacl: scate along the diagonal and
reroes eleewhere, and g 15 an m o= 1 vector of process. eTrars
drawn: from 4 moaldvariare normal diseributlen (M M) wich mean
vertor 0 and vartance-covarlance matdy Q. Equation b ks a bi-
ascel [pon-stationaryd random walk where o is an m s 1 vector
that represents an apward or dewnward bias in the random
walle. We examined three process varlanee assumptions: [0 not
correlared amony e pajectoriss, wirh egual vaclanees (sae o
vahise oo the diagosal aed 2eroes cBewhers|) (2] tot corntlated,

Our MARSS sbservation model swus
) ¥ = T vy, where v MYNIDL R

sliere ¥ e n = 1 veciorof e ubserved sporen tming b region
min year ¢, £ 15 an n < 1 matrly confalning 0s and 15 that Toaps
vach giree series of observed spavn Hming onto an associed
traie spawm fiming & for each spawning ares, and & an m =
1 wector of pleervation error for exch Thne series deawn from
a multivariate nermal distriburion with mean vector @ and
varlance-covarlance marrix l Decause the effclency of aerial
sarvey sampling may vary amoeng regioms, we assamed thar
sampling errors have unequal ebservation vacianoes (Lo, anigqoe v,
alatyg the diagomal of B) and are nod correlated among time
series [ie., s in the offdispenals of k)

Ta assess spatial differeaces (0 spawn timieg, we svaluated

data support for 1 spavwning area configurations amang the flve
. Bach model was modified w associare one or more of
e observed toe serles with a corresponding process (o, Bor
examphe, when m=1, data from all tegieon s are meated as ohserva:
tlons of A sinale spawning atea; when m = 3, each reston ls mod-
eld independently. For each of the configurations, we fit nine
madels in which rhe paramererization of 0 was changed to tesr
the throe process ermor assumptiens for three mode] strmetunes;
unblased random walk (g 3a. B fixed at 1), biased random walk
[eq. I, and stafionary aotoregressive process (eq. da, T esth
mated). Models were fit m R 3.4.3 (R Core Team 2000 nsing the
MARSS" package versian 3000 |Holmes e al. 2048a]. Maxlmum
likelihood estimates feor parameters were obfained asing the
expectation-maximization algorithm{Holmes 2003),

We evaluared afl 126 madels for eaivergence amd wied reskdisal
seatterplots and awrocorrelation function plots te verify thar
reslduals were nermally distriboted and nor autocornelated in
time. We assessed data support for each model usmg ATC tor
small sample size (ALC), with the most parsimonions models
havitng the lowest AIC, value [Burnbham and Anderson 2002].
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Fig. 4. Distribution of spawning and extent of survey covernge From 1973 o 2009 by decade. Spawn patterns are represented as quantiles
of milesdays of milt summed within each 10 km = W km grid cell by decade [plids A=E]. Spawn pailerns in the 19708 may be biased due
ta spatial and remparsl gans in coverage. Maps created using AreGlS 1070 with data from the Alaxks Departmens of Marral Resenerces
JADME Z088) anel the Alaska Oocan Observing Syvlem (Bochenek 2008; Haught and Mol 2018). [Colour ooline.]

Models with AAIC. < 2 were considered statistically similar
(Burnbaem anmd Andersn DW2).

Results

Spatial palterms

The ADE&G aeriol survey covernge expanded and contracted
aver the 43year studdy perisl, ln the 19708, survey covernge was
primarily focused in the Northeast Shore region (116 days
sampled paryear versus <4 days year " insther regions, Table 3).
Cowverage axpomiled seroa Prince Willlam Soond i the early
13#0x (Supplementary Table 517, with Qights ocourring aver all
regicnes witliin the Soond on more Chan S0% of the days saomgpled
peryear [Tahle 1), peaking at 30 days-year *11‘.&?#&0!‘]}0[!:1}
tion size {Fig. 1. Survey elfort declined 1o 21 days-year " in the
1990s and 12 days-year " in the 2000s reaching a low of & days
sampled in 2004, and then increased to 17 daysyear ' in the
20108, Survey coverage In the 19905 and 20005 remained abave
40% of total days sampled for all regions within the Sound com-
bined, except in 1995, 1996, 1999 and 2000 (Supplementary Table
517 Kayak Islamed was nol surveyed unbil 2007, excepl Tor one

o
Burvey coverage extend [ |

i0 20 30 40 50 60 YO 40 90 104

flight in 19582, and has since been samphed every year for 1 to 3
days, except in 0 and 2006, )

Fromounced decadal shifts occorred in the distnbotion of her
ring spawiing wilhin Prince Willlam Sound. Spawning was pri-
marily concentrated in the Northesat Shore and Montage land
regiens 0 the 19708 — althosgh this patlern may be bizgsed due
o unbalanced survey coverage — then expanded (o all regions as
Ui wptan] cuerolative spawn inceepasd in the 19805 before oon-
wreting tewards Southeast Shore as spawning declined sharply
in 19505 and remained low throughout the 20105 (Table 2 Fig. 4).
Prior o Lhe start of the papuilatkon’s mapid increase in biomass
in 1983 (Fig. 1), spawning firs: expanded along North Shore and
MNalkesd Island during the early 19805 (Fig. 53, followed by increases
in spawning along Montague kland and Northeast Shore a few
yenrd laver as the popularion seached its peak size in 1988, Slarp
declines in spawning along Motith Shore and Naked |sland in
1000, and Mortheast Shore in 1991, preceded e population's
collapse in 1993 (Fig. 1L Following the collapse, spawning effiec-
tiwely ceased along Morth Shore amd Naked Island, with only
inlermillent spawn evenls in the 19980s and 2000s, whils
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Figr. 5. Disicibution of spawning fom 1973 to 309 by year Spawn patterns ane represented as {A] quandiles of mile-days of mile {MDOM;

1 ke = LA km) by 10 ke w10 kmgrid ol and year {note, quantiles wene clonlated aoress all yearel, and-as (B comulative spawn
within esch repion (M1 = Montagee Island; 5B = Soutbeast Shote: NE = Mortheast Shose; N5 = Notth Shore: NI = Maked I5lanel: K1 = Kayak
Latanch Grid coll ouenbery [1-76) corzespond 10 ool losatons ienifed in Flg. & Gray dols Uslioaie the exwnl of suesey ooverage (Le, grid

crlls with no abserved spawiing]. [Colour ailine ]
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spawning remained low along Mortheast Shore through 2000 a8
spawndng within the region conlmeted southward. Folhniig a
briel increase in spasming during 2000=2002% activily along
Martheast Shore declined to s Jowest levels. Throwghowut the
1500, Momlague lind uwsually sceounted for at least lall of the
total spawn, bul spavming there steadily declined after 1999 (Fig,
5, and was nol obgerved alonz MNortheast Slore sr Mantague
Islend in ZNG-3008. [n contrast to the of her regions within the
Sound. spawning along Sowntheast Shore increased in the mid-
199 [Fig. 5Bh and has aceouniad for the highest annual propos-
Edon ol total Spawm for the past two decides (Table 2.

Lnigially, herring comsistenily wsed at least half of the historcal
spowidng areas Lhroughont Prince William Sound antdl the
Hiox, afier which spawmning disiribariomns conl racied to bess (hiny
a third of the available areas as spawming biomass continwed o
decline o its kvivest levels Between 1980 and 2005, the disper-
siovn index averaged 054 = 007 { =1 standard deviation, 8D, rang-
ing from o peak of 065 bn 1984 10 2 low of 035 in 1994, and did
noil el ifTer between periods belore and aler the population mbk
Lpse: 855 = L0G in 1980=1993 versus 54 = D06 in 1995=-2005
[Fig. 6 Thass spatkal increnses bn Southeast Sliove spawning bn the
15508 and K15 offset declines in other regions [Figs, 4. 51, THow-
ever, simce 2000 dispersion declined sharply to 034 % 003 a8
spawning contracted towards Southeast Shore, reaching an all
irmie vt of DO% in WME (Fig. &) that coincided with the moel
recent decline ln spawning Blonss [Fie 1] Survey coverage n
the 2000 (0% of all grid cells) was similar to that in 1995219
[#2%) [Fig. 6). These resubis suggest that Prince William Soond
herring now seldom use the primary spawning arens ocoupied in
the 19805, and active areas are currently concentrated along Lthe
Southenst Shore,

Spatial e haenges i spawning odncided with Dhe apperance of
large vear classes. The rapid increase in population fize during
the 19805 (Fig, 1) was driven by the lange 1976, 1980, 1981, and 1954
cohors (Fig. 7). The ol amount of spawn declined rapidly in
the early 19565 as Lhese year clasves .ugrd il of the [urp'nla.l'i:m.

Fig. 6 Spavwning anca Gispersion Index over time, Values ol [} mnge
froam O Chigddy agpeepaned) o 1 (@sendy distribated |, Sureey coverigs 1
represennod by the properten of grid colls sampled cach year among
Che 72 cell 1o wiseh spavwning had oocuimed sinoe 180

1= ~ 100
i - - £
= S
i | =
g 05 — -850 =
it (]
§. &
z
B ™ r @
- poverage (%)
—— spawn (D}
0 T 0
1980 1990 2000 2010 2020

Yaar

Prior to their collapse, the 1988 cohort was the last strong year
clads to recruit o e spavwning population.

Unlike spatial palterns of spawning, there wers minimal spa-
tial differences in the age strocture of herring in most years (Hg 71
The sewen Langest coharts iypically scconnied For a similar pro-
porticn of e age composition within cach region. Durday Lthe
divear sivdy period, regional differences in age siructure were
nnly Appareni n #ix yEaTS CTORT, 1991, 1994, 2001, BT, and
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Fige. 7. Herringg age connpisidions by region znd yesr Fromn 1960 (o B9 Large coburts (=200 million age-0 recrails| are highlighted in
colour by birth year. The absence of a plot indicates ne age dota were callected firam thal wgion and year. [Colozr anline. |
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2008, Among these years, caly in 1991 did spadal differences in reglon (n 1991 whlle the 1984 eobkort remained the domlpan
age strectnne coincide with notable changes in spavming distri= wear class in the North Shore, Maked Island, and Nomtheast
batioms, Age-3 fish from the 1988 cohont became the dominant Shere regdons. This coindded with sharp declines m spawmimg
year class for spawning aggregations in the Mootague Island from prioe years in the northern regions, while toral spawn
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Fige & Time series of (4] extimatel herring spavening slock Bomass (O from 1980 to 2009 within each pegion (nole. Lhe Korth Shore ancd
Maked Izland regions are combined) showing the portion of the biomass estimmate that was harvested by purse s=ine car-roe, gillnet sac-
rae. and pound spawn-onckelp fisheries fenm 1930t 1999 (1) Totzl smrey-ohserved spovn (mile-days of mile 1 mile = 1609 kmj 2nd
eaplaiEneinn wate foe ol fahemes combined sdchin eash regiom nnde, daa ame on separate axeec) Borvest keaele of bese than 500 1 ore diffaalt o
fee in colomn A tar are inchided i exploitation Tates shovwn in cohumn B [Colmn onfine|
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remained telatively stable alomg Momtague [sland bt propor-
tlonally indireased from & two-year average of 253% for all regions
tn 51% (Fig, 8], As the ¥HE cohort establis bed itself as che demi-
nant year class acrass the Sound i che follewing veass [Flg. 71
spavening effectively ceased slong Moith Shore aitd Maked
Igland while briefly stabilizing along Mortheast Shore before a
tamlecade perind of low spawning act ivity (Fig. 8. In contrast,
spavenlng along Montague Tslang focraared afrer the papula-
tinn collapse bt rertained rhe oias active region rhiodgh
1998, during which the 1948 cohort remained nomerically dom-
inant until 1994, With no strang year rlasses following the 14988
cohart [Fig. 1), spawning dectined to consiefenrly low fevels
alote Mantague Tland by 2000 while spawning along Sauth-
east Shore inereased, largely doe to the 1999 cohort.

[t is unchar if shifls in spawing distribotioas fsllowed changes
in Iecal exploitation by the fishery In the 1980, herring were pri-
parily harvesred alome North Shore, Maked 1sland, and Moncague
Iabanel. Omerall explodrarbon saces for Prdiace Willlan Sound nemalved
el 0.2 in all years except 181 (ER — LH09] aind 1992 ([ER - 012017)
(Fig. B, indicating rhat the intended harvest stratesy was followed,
Whike the pogrilaticn was apatially masaged a5 a sligle stock
thidaglee Prince William Sound, with roral allowable carch
allecated mommldple fisheries based on gear type and product,
harvest was concentrated in only ome ar two reminns earh year,
Local {resiorespesific) expioltarion rares were greater than (L2 i
3 oF 7 years in Morth Shore-Naked lsland, 2 of 3 years In Morth-
vast Slore, 5 of 8 vears In Moatague 1sland, and 1 of 2 years i
Southeast Slone umong regfons whene porse seiners barvesied
miore than M} £), The prebability of changes In spawning was
not slgnifieantly differene weder differenr levels of exploleaton ln
e prioe vear [y = GRL, p walue - 014 Supplesentary Table 527,
Hesywver, decreases in spawning weee maone Jikely to seeor fol
lowing back-to-back years of local exploitation abowe 0.2 (y* -
129, p value - 0.0092; Supplementary Table 53%. This vesnlt is
deives by inee insraces ofback-to-back vears wirl explairario
greater than .2 in the Nootheast Shore (1999-1992) and Man-
Fagine Isiamd [T9R0-T941, 1997 -1990) reginns that preceded sharp
declivnes in aparwning the aexr wear, all of which were folkuned
by extended perlods of reladwely lower spawning wichin cach
resion (Fig. 8).

Spawn patterns were not relaved to the distribution of shore:
line impacted by the Berom Yakdez of] spill, [mediatebr following
the spill, berring spavwied in lmpacved areas along Nabked Lsland
and Montague Island [Supplementary Fig. 3. Prior w die papu-
lation collapse, sharp declines in spawning primarily sccwrred in
regions chat were not giled (North Shore, Northease Shove), while

Aucewated but remaimed refatlve iy active nearolled areas
along Meotague lsland throughout most of the 1990 (Flgs. 5, 8).
The exception was that spavwning near siled areas along Naked
Fstand did decline sharply the yearafter the spill.

Tempaoral patterns

There was high nterannoal and regional vaclals ity (o herring
sparen Hing Soi 1980 1o 2009 (Fig 9] The duratien of fhe
spawming seasom ranged traom 4 days (201R) fo 59 days (1986),
being first ahservid en dates that spanned friom 1 March in 24603
and 26 April in 1982, and last chserved on dotes ranging from
15 April (200, 2011) 1o 21 May (10, 20071 Far ail regions com-
hined, the mean date of pedk spawning (=1 50, wWhen 508 of
comma lative total spawn was observed) was 17 April (DOY, 107 =
75 days). amnd was earliest in Southeast Shore §12 April, 101.5 =
21 claysl, and mastly progressed connter-chikkwise from Narth-
east Shore (06 April, 160 ¢ 82 days), 1 North Shore {21 April,
TG ¢ 103 cdays|, Naked Island (249 Apeil, m38 © 81 days), and
Montague Island (2.3 Apreil, T2 77 days].

The rwo best MARSS models (£, and iy Takle 3) reveal spatlal
differences ko spawn cining The Z. oiodel sugrests separale
apawn Giming frjectorvies [ie, ) for the westesn Shore

Open access publication available at: https://cdnsciencepub.com/doi/full/10.1139/cjfas-2021-0047

atie |, Fish Adiiar. S, ¥l 78, 2o

[Minmeagnae Tsland, Maked Jeland, and North Shore reginms] amd
the castern Shote (Scutheast Shore, Noertheast Shore regions),
slidle the £, model furiker sntsdivided the eastern Shooe trajec-
torivs by region (Table 3], Both models had cormelated process
erIors with eqwal vatianoes and estimated a stationary awtore-
gressive process. Diagnostie plots foand aurocorrelated resldnals
o all MARSS madeli in which prooess etrams were independent
of pther states (with either conal or nmigoe varianoes and were
theretore Tepecred. A values for all Tandom walk models (B
fired ar 1) were gomsistertly higher than dorrespomding models
that estimated B (Tahle 3).

There is greater inrerannual sariatien in spasn tdming along
thie western Share (Zah,, = 025 by, = 027 than the castern
Shore [£hy, = (UG8, Fchy, = 0E1, by, = 0.79) (Table 4] These e-
piemal differences in spawn timing frajectorics ane most appa-
rent berween 1980 and 2006 when a shift o cather spavming
ocearmed ar diferent ranss along the eastern and western Shores
[Figr. 1. Thiring this *Taeear perind, spawn timing in the eastem
Shore shiffed earlier by 26 (% model! to 30 days [#y, model,
Marfheast Share], while spaswi i isg was tone vatable in the
western Shore and shifted sarlier by 15 day in both models.
Between 2006 and 2003, both models estimated that spavwn tim-
ing shitbed later ber 23-26 days In the eastern Shore and 19 days in
the western Shome, retarmine to fe Jong-ferm musn spawn fime
in 208 (Fig. 100.

The advantage of cstimating separate spawn timing states
for the astern and western Shote 18 apparent Whdn contrastid
with the simplest model thar estimmated cne state for all regions
[#]. The onestate noodel shows similar shifts in spawn timing
i Zie atnd 200, bt abscinres eas-sesr differenoes in the rate of
change and interantl variability |Fig. 100 and had higher ohser
vation variances for alktime series than in the &, and &, models
[Tabie 4).

Discussion
Spatial patterns

Herring oo lopger cetuen to e Bisterical spawning ameds
in Prince William Seund that were used during a three-decagde
period when the populatien teached s peak bomass cver the
past half cettary. Retween 1973 and 1995, when the population
fureased from relatively low levels in the 19705 (Funk and
Sandome 1990) to peak biomass (0 the Llate 19805 betiore collapsinge
in rhe early 19908 [Muradian of al 2007, nearly il muajor span g
events ovcarmed alimg Northeast Shore, Morth Shore, or Montagze
Island. After the collapse, contraction of spawning dismibotions
and Inereased fdeliny e general spawming areas would be
cupedted dme to relaxaton ol density-chepeidenst processes as e
popalation declines (Wane of al, 200609; vet spawning did naf con-
et tewids replans where spawning was historicalhr Bigh.
Tnsread, spamwming shifred towards Sourhease Shore, where spaam-
nE was Inw prinT o MR, cxcopt bricfly in 1979=1u81, Despite sub-
stamtial declines o tetal spawn, spatial diversity of spawning
remaited similar 15 vears affer the collapse compared to the pre-
collapse period, as increased activity alomg Momtagme [shnd and
Larer Scartheast Shome Larpely offfer decreased spamenlng by noreierns
fepiems. This sagwesrs thar spatial diversing of 3pawiing dfeas Wiy
nok stromgly relatesd mo spawming hismass at e anahysis resohetion
(W 5™, prnsistent with Hay et al's (2000 scal-dependent assess-
ment oF herrng spawning patterns b Briflsh Cobombaa, wotll fhe
propanlarion declined to Tstoric less |« 10 ) it he 20008 Whiledeca-
dal patrterns of spawning depict fhis as o gradhal dhange in distriba:
s, alfreigpr shiths Do dnte canerwal pamerns diing the eachy and bare
100 appear to be largedy cospoisible Bae the leagtenm contraction
o Stleast Shore

These and other abrupr shifts in spawning disteibarizns pee-
ceded major changes o population size. Foz example, spavming
first expatded into wesdtern areas of Nardh Shore and MNaked
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P 9. DistAbutior, of spawn aming (day ofyoar, DOY) from 1980 toe 309 by (A-E} region and (T o all regiens withan Prince William Scund
(W) combaned, Uiy spanan totald is scaled by tocal mile<days of milt (1 mile = 1606 i} abserved within each region, Bach plot shows a tdime
series of the median spawn dare, and the mean spaem daves across all years. Sarvey covemge indicares days in which no spassning was ohecmmed

willudi Chwe repion during the sievey, [Cobowr ol

WIA) " MNorth Shore -

B) Northeast Sound

Naked Island

Spawn date - DOY

© Daily spewrn fofal  — BO% guaniile
= Burvey cowarmps -+ Maan DOY: Region

" == Maon DOY: PWS

T T T T T T T
TH80 1865 TEG0 1968 2000 2005 2010

25

Island the year befbre the rapid increase in population size began
i 1983, Similardy, sharp declines in spawning akong North Share
amd Mortheast Shore ocourred two years before the 1993 popula-

tion collapse and Jagain before more recent abundinee declines

T T T T T T T T
1680 1885 1900 18G5 2000 2008 M0 2015

Yaar

in the late 19906 and early 20005 along Montagoe Island, 1L is pos
sible that these shills in spawning distributions resulted lrong
increased soraying among reglons. There is high spatial variability

in Dve rate of ldelity 1o spawning locations in British Colombia
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Tabale 3. Mode] perlommimee sl on Akike"s informmation crilecion correcbad for seal] sample s IA1C1
Q= cijual variamo: aiwl covEHao

herring within a comparable spatial resdution [statinic) amas,
~S00-Z500 km®) te regions within Prinee wWilllam Sound {~700-
1900 krn®), and that on average 4% of lerslig steay 1o spanen loce
tions in other statistical arcas the falowmy wear (Hay et al. 2001,
HMienethelesa, fhe persistence of uawming within each region i
Privee Willlam Sound for perlods of 4 decade oz longer, reglonal dif-
ferences ln spawn tming, amd evldence of weak gemetic
differentiaticnm betwacen herring in the castern and western
Sound Wildes er al. 2008) suggests that abrupt shifes in

Sparwningg arca statefs) &,| E=1 B = unigue
W, Ry E. P U= TeTD o = amgue H = TER0
Kim ML jin} L SE HE AADC K AN, 4 AMIC, k
¥ 1 1 L 1 1 1530 F { ] 3 1.2 a
s i 1 1 2 2 106 b 1 il ] n
Ty i F 1 ] 2z 6z 9 .0 Ti a2 il
T, 1 2 2 1 1 1&as 9 157 m ) el 1
s 1 2 2 | 2 17 a 24.0 1 173 i
. 1 F | 1 1 F i e 5 ny mn 153 n
F2d 1 i 2 2 i 183 9 %4 n Il n
P T 1 1 1 F3 1 18y ol 2.6 i 96 1
g T 1 1 1 1 2 170 14 16 1 o 1
) Foe 1 2 1 + P 214 Hi BLa 13 na 14
o n 1 2 2 1 1 I M 23 13 H (&
= T 1 3 2 3 . 723 W 5 13 - 1%
- i | 1 [ 2 a 164 L] M i3 0.4 1%
i Fu 1 2 i 4 4 254 12 M 17 o
AT Mopez Thi £ onanx fir cack spawnlag area confipuction (numbaed 2 oo 8 ) isdicans comesponding seanes o
I:- At o e regmon Cimee e in westorm or enslern Prance Williom Smind (96 Fs, B PWSE M) = Montegee Bsheul: K5 =
; Merth Shore; ¥ = Nuked Ilimd; 57 = Soarthess]) Shons KE = Saribeas Shore, Seanhic G three model smnomoes are shown
r for each T marrts, ncdoding ARIC, valnes thas are relative 1o the best mode] (AIC }, and the oumber of parametss i,
= Trovess errars |0 were Estimaded with sque vanances iRl were oorreladed jeqoal versimoe sl covenanoe]. The diponal
b=y of e B oimabrn wes ael ta ] (e, rassdinn walk) of eamimat] foF cach slale [nigiel Bias (8] @i either st b s o
§ sxlimatel For eachof the roondons walk peodels fuuigoe. Bold AATC vailues indicibe e e mosdels showrn in Fig 20 4
a3 dawh | indicades o osdiel T did sl oooverse,
a
|
g‘ ‘Lable 4. Parmmeter estimates (Hst) and standard erroes (31 for models spawning within Prinee Willlam Sound did not result from
B in bald in Takde 3 idencified by their respermee 2 manheoonfigiration rancom srzaving.
i Made] v The eevurrence of abrpt shifls in spawning one o o years
.ﬁ prior te changes in population size suggests other factors have
< Z x, Ly greater Influence on Adelity to general spavamlng areas in Prince
E Coefficien  Bat =N Est sE Bt SF William Sound than spawning bMomass, Whike it s beyond the
E i atin S 1) soope of this :s.md'.-' o cprantity mruanl.m: relatonships bemecen
3 r A7 UM 285 WR ey o ToeTunE disicinrions and evplmatary Mcioe, we bEally splore
= N + L : . howe ahoupd shifts in spasming are relared to different mtrinsic and
= re 4530 M2E 4155 HER  JAW He eyt i :
= o 608 1040 2700 EE1 298 014 X Insle factors ho ||.1_e11ts1“j. prtential fmiechas isms ﬁ*.f_ﬁnure sy s
5 s Hi%6 S ST 943 Bi0D 9099 |n_|m.gs|igmr.1‘l|e§emr]u.r:l-:spmlal wariatio in rﬂmr{*ﬂeﬁr.eﬂh&m
il i 1282 1813 155 546 30105 1514 of social and envimnmental cres om mignEion bebavior, e 19
i ' B Vikdez o] spill, and Ineressed loeal momallty related o disease,
W AR strengh () fishites, il predation.
5 Yy o569 a9 25 24 nzs nas 2
;. iy o e an 13 Potential mechamisms for spatial shifts in spawning
g L iy o Recrudimient
f O of the abropt shifts in spavming distribations coincided
= Frocess vamance—covaniznog () with apatial variatlons o pecruftment I e 1980:, recrubes from
T At 15,56 ] 20 Bs xr 18,51 ) e rhipes SErdieg collonts | RA0, 1981, and F9R4) L5l wes fespo sl
.-:'E] Cuibliag 175 i 17.51 BI bl fow cl iving bicmass to record highs {Fig. 1) were widely distrib
- e among spawilng arcas i most reglons |Fig 7). and lange
Estimated state vahue x; at time 0 spaven events ocounTed annually in at beast thoee megions (Figs 5, 8]
" A7 a5 =dE 4135 <15 4DIT g contrast, reouits from the last strong cohomt (1985 primarily
by, WSR B4R ST MY gpawned along Montague lsland [n 1991 as age-3 fish and nec o the
oy 928 TEY  moethern regions whers spawnim had decline] sharply fhat vear or

e presions wear. Spawning was not chserved alomg Morth Shore
over [l next five years, i incieased along Montegue [sland ond
Mortheast Shore whene the 19488 cobort became the dominant agne
elxss [0 1992 a8 age-4 fiel. Regional differemces [ xge struchi e were
nor evident during rhe orhet major shift in spasming disrriburions
towards Seafheast Shore mn the late 9590, nor when mecraits frem
e 100G and 3006 cohons Arstspawned.

Migrarien beliavior
Herelng migzaon behavioe 5 flvenced by soclal and envi-
raiimientil ones (Corten 20E02), but the relative imporfance of
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Mcdarean ot al

WL

Pz, 198, Estimaled time series of spawn dming i, solic liney based on MARSS ma<lcls in bold in Talkle 2 {shaded arca indicies the 93%
confidence inoerval), Time seres ane centered by ther mean for all years {dashed line) to indicaie earlier =) and later {+] median spawn
date. Resulis for cach mosde] ape slhown by columi (el indicate tee models mespective T matixh Rows within colasans indicane the
AlTerens segicnal grovpings wich unique spewnlng ares configustions el correspensd with shadod aecas Io map (oop pow), Maps coosted
using ArcGIS 1071 with data from the Alaska Department of Naniral Besogurces (ADNR 208). [Colmar anline |

.| Western Shore [WS)

Western Shors (WS)

1980 198

such et is unknown for the Prinee Willam Sound pepulation,
Spatial dilTerences in herring recruilment belween Uhe 19805
and early 1990 is potentially related o social behavior and
availability of older herring with knowledge ol migration routes
to spawning areas. Merming that spawn For the ficd Lo ane
hypothesized o scharol with and follw older, experienced fish
atid Epaw ith Lhe same locatlions (Moluinn 1997 Cortén 2002,
MactCall et al. 2099 Abrupt declines in spawning biomass that
colnclde with an influx of numerically dominant recrults will
reduve spatial overlap belween age clasies prior 1 spawning

2000 2010 . | Nertheast Shore (NE)

bl L | T T TEITTLT

1880 1890 2000 2040
Year

and dismpt the lcarning process necessary lor Arst-tme spawn-
e L relimi Lo a general spawning areds it sdccessdve peird
[Huse et al. 2002, 300; Corten 2002], Likewise, the extent of
spawning distribotbons n one year will lkely nfluence spatial
sariation in recroitment the next year. Il Brd-time spaswners ave
guided by social cues, age composithon data swould e similar
dcrids reghions whers Spawiing was active Lhe prior year. In eddi-
trast, abrupt shifis in spawning prior to a large influx of recraits
that colncldes with reglonal differences in age strucoare je.g.,
o1 weomld smggest changes incspawning distriboions infnenced
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migrarion paths of first4ime spawners that led to sparial differ-
Cnees in TesTuitment.

Environmentally driven changes [0 migrarton patleIns may
alvo have infleenced shifis in spawning distribotions. Al
rerim warming trend In Prinee Willlam Soand has resnired in spa-
tialy complex changes in hydmgtaphic condirlons thaf are s
promounced o the northwest pam of the Scund where the effiect
of zlaclal melmvater 5 highest (Campbell 2008, Spavnlng decihies
were fimst evident T northern egions, which have tazely been nsed
by the population slnoe the carly 1990, Chanties o hydoeeraphic
cond itions ab spawiing locations or aloisg migralim paths, achad-
ing despening of the seasenal mived laver, conling and freshening
f s face warers vha increased Freshmeaner ngauts From meling loe,
and warming and increasing salinity of waters af depeh (Campbel
2018, eould porentlally luawe Ineneaced soaying oo other aneas [Tebe
popalation is adapted too select spawning habitar within namoew
ramps of wmperature and salinitye (e, Hacgele and Schwelgen
19H5].

Ukt sl

It oigrht he expected that herring wonld avnid spavning near
shoteline tmpacted by the ofl spill {Therne and Thomas 2008),
Hevever, 2% alsa foangd by Pearzan et al. (23002), sharp cdeclines
in spawning after the «il spill ncourred primarily in northern
rewions that were not npaected by odl and cleanug efons, whike
immediately after the oil spill, berring spawned within regions
direody impacted by the spdll and condnued o spawn near mpaced
shomedine along Montagee Tsland (Supplemenrary Fig. 5.!‘]. Spawme
img near ciled aneas along Maked Island did decline sharply #he
wear afer Ul spill, bar s segion conteibured relarively Linle
tetal spawen prioe ba the oellapse (Fig. 5]

Taereased locoad morrfny

Spawning shifts may have alsn resalted from spatial changes in
pronaliny vares s aclule Becsog Hokest o disease outbreaks, fisl-
ing, and predation, Fopalation-lewel effects of pathreaks of the
profcoan parasiie ehthmphomus hoferd and the North Aocerican
strain of viral hemorrhagpc septicemia virus (VIHISV) in Prinee
Wl Sownd have garnerved conslderable attention since fhe
19918, given thit B gh disedserelated mortaliay amatg adalf e
Fing in winter TRE=191 is hypethesized o be a primary |Rice
and Caris 2007, Hulson e al, 2008 or conteiburing (Deriso et al.
W08, Pearsan @t al 202 fcter nespansille for the population
ol lapee i1 1903, widd that recurring ontbieaks Bom multiple
pathopens alone with poor recruitment are inkibiting popuala-
tian recovery (Rice and Carts 2007; Mary er al. 20000, Despite
tnereading popularion-level mostality rates, disease aorbresks
have nor conslstently colnclded wich declines in rotal spawn oo
coumacted dismriburons. Anong four disesse outbreaks thar
oeared berwern 1999 and 2005 [Marty et al. 20000, only the 1998 our-
break coinclded with notable shitts in spawning distributions: spawn-
ing declined shamply alomg Motheast Shone i 1998 and Montasne
Ialamal i 1994, whie remaining srable alomg Sourheast Shone witl
20IN. Ecreassd VHEV prevaletde amang hersieg |partionlarly
younger fish) and concentrations of VISV in water samples wers
correlaves with confnersent n closed spawi-on-kelp pownds
during the 1298 cuthrealk |Hershberger o al. 1999), kot the stady
pounds were located in the Sowtheast wegion where spawning
remained stablie for the next several years. I memaing unknowsm
if peeung fishery operations amplity direaxse cwthreaks among
wild herring to effect mortality rates arthe reginn or popnlation
lewel. Localized increases in mortality from disease ontbreaks
are plawslble, partlonlarly If the Impacts of a pathopen are age-
spedific (e, Marty et al. 2000). However, we toond ro evidemos
of Tejronal ditferences i age stooctuTe duting this period [Fig,
T an wonld be expected from a local oathreak, dod examinatioa

Open access publication available at: https://cdnsciencepub.com/doi/full/10.1139/cjfas-2021-0047

bt [ Fish st Sei. Wol. T, B

of regrional differences in disease prevalence was not possible
in most vears due e data imitatoens (Rice and Carls 2007),

Changes in predation may alse hawe resulted in inereased her-
ring nwertaliny at vegioial or frer sparial scales, but dary were
insufficlent ro examine s relacionship. b fall and wineer, pre-
dation by the inereasing homphack whale populatien 3 a major
starre of mortality for cverwintering and prespawning herring
[Pearsan ef al, 2002, Moran et al. 2008), wiile adutt and juveniie
hesting are impeortang prey for pinnipeds (Rice er al. 2001, sea-
hirds [Bishop e al 2008), and groandtish [Gray et al 2009 in win-
ter. Bt is unclear hes predation on prespawning aggregations
influenced historical spasning panerns, either by dismapring
hezring migradens o spawning areas oo rednce spawning agere-
gations, due to data Fmitations priorto 2008

In cootrast, availability of spatially indexad fishery catch data
facilitated assessing whether shifts in spawning were related to
local expleftation by fisheries. Annual sound-awide exploitadon
at the pogularion keeel was ar o below the management tagger
rate of 0.E in all years, and we Fownd that regional declines in
spawning were not velated o local expleitation in the prior year
[Supplententary Table 52Y. This s consistenr with Hay er al's
[2008) compreliensive analveis of herring roe Asheries in Drivish
Colembis that did nor fird dear @vidence thar decreases in
spawning frequeney or declines in the number of spasning kwa-
tions were Telated to fishing. Decreases in spawning within a
region were slgnificantly more Hkely to eotur following back-to-
back vears of local explobtaton abowve ©2 (Supplementary Tabde
3% althongh this is based oo only three obseovations. I British
Golumbia, high lecal exploitation contributed to the depletion of
berring subpopulations pries to an overall popolatlen decling
[Obamoto eral. 2030).

Temporal patterns

Trenels in spawn dming were Alse apparent oveT decadal amd
interannual scales, along with spadal £iffecenoes in the magni-
e of temporal variation begwasn the castern and western
Sound. Paring the study period, spawning shifted carlicr by
Podreks mver Pat dicades, then reverted fi Lifer in the season by
E-dwweks mver the nexe six vears, and Anally shifhed back to eardier
dabes cver fhe nemt five vears. Spawn big parterins for the Sirtka
Soattd hertng papularion in coastal Southeast ALk (e fgnre 2
in Hebert 2009 provide comtext fo temporal sariation in Prince
Willzam Sound spavming. The sororrenoe of spawn timing shifts
in Sirka (1998-199Y, 2011-2012, and 2MA-2M7] do nor calnclde
with major shifts in Prince William Sound [2IMM=307, S
Zin4) imdicating spawn timing is likely imfhoenced by local tac.
toTE suCh as temperatime and pepulation demographics (Hay
1985, Ware and Tanasichuk 1989). The magnitode of tempdral
variation = similar amonyg the popalations, sopesting spawn
timing may be bomnded by processes operating across the Gulf
ol Alaska that have lagged effects on local conditions near
SPAWIINE Areas

Wille tle mechanisen for the multl-decadal reend tomwards ear-
e spawning i unkoowr, tetparal shifts i 20062007 xad
AE=204 codhcided with trmsitions betveen multiyear periods
af goean tem peratore anomalies in Prince William Seqnd and
e Gotil £t A& Lok [Fgstere 14 in Caen ple 1) 2008). Warm cond itlons
persiated from 200M=2006, oold conditions From 2007=200.1, and
the “orthesst Pacitic marine heatwave occormed from 2018=201&
[Bond et al. 2015; [ Lorenze and Mantua 2006). The coinddence
of abserved shifs In spawm tdming with rapsitions berween
warmand cold periods is consistent with expected effects thar
remyperatuse has on herrlng goad mararatlon capes (Hay 1985
Wore and Tandsichuk T989)

UDemographic changes may also contribure o abmpr shifis in
spawi timing rremds, similar o bevw spatlal vartaclons e age
stptcnire caineided wirh shifts i spawiing diseribietlons ln e
warly 1990s, Agecelated differences in spawn timing ame well

& Published by Comatiim Scenis: Poblishing



Open access publication available at: https://cdnsciencepub.com/doi/full/10.1139/cjfas-2021-0047

Can_ T Fish. Acpant. Se1 Deswnloaded from odnsciencepub com by TS8 14514 24 on 12/30022

Mrtantsan o al.

documented from longtetm shservations for hetring popnla-
tioms i British Colombia (Hay 1985) and the Atdantc (Lambert
19871, Similar effects of temperature and demegraphy on spawn
tening have been shown for other species, such as wallepe pol-
ok [Goidn denloograramis] jn the Galf of Alaska (Rogers and
Deagherty 2009 and capelin iMallonrs Wileus) o the Northwest
Atlantic [Carscadden of al, 1997)

Potential consequences of pawning shifts

Spatial shifts in hecring spawnisg nun) ave coptriboated o the
Prinee William Soausd population collagse, There is general con-
census that hizh nacwral moralicy in 1992-1993 resuleed in the
populatlon collapse (Qrilan ef al. 2000 Deriss ef al 2008; Hilsok
ef al 2008; Muradian er al. 2007, although an aliemate hypothe-
sis suggests a major decline starred earfier in 19859 duwe to the il
spill{Thamme and Thomas 206008). Altheagh the mechamism for the
high mottality Temains uncerain, poor conditen of herring
prior to the collapse — likely dme 1o peor ouridon mesulting
Froam environ mentally driven ke prey supply while Biomass fey-
el remained high (Pearsom e al. 1999 20032) miAy hawve
increased thelr susceptibility to mukiple pathogens that toig-
gered an outbreak (Rbee and Carls 2007 Hulson et al. 2008). Rloe
and Carls (2007 hypothesized that deciines o spawiniog starting
in 19490 - dne to the sharp decline along the North 5 here and Ma-
ked lsland {Figs. 5. 8] — concentrared spawning aggrepadons
whibe blomass levels remalned hilgh, and that locreases n cromwd-
ey anmoey sparwoing sweregations while b poor coodition oy
have increased disease frorsiision (Marty ef al. 2L

The combined efects of low total spawn, reduced diversity of
SpAWTINg arcas, and concentration ofspavning aleng the Seuth-
edst Shore Ty alse be inhikiving Arseyear survival and conerib-
phing to the enistence of poor ecruitment. Declines @ total
spasT and spatial diversity of spaswmning areas have impaceed the
population’s spawning portfeliole., the spatal and temperal di-
versiy of spawning, Schindlér et al. 20009, redocing oppormnl-
ties For offspring to be dispersed to nursery areas that facilitate
high first-vear sutvival [Norcross and Brown 2000; Fineda et al,
07, Rice and Carls 2007). The impacts of a redured spaswning
partfelio may be amplified by the contraction of spawning o the
Sevitheast Shore veglon rather than te orher Wistovical spasring
areas. Herring larvie spavmed alang the Southeast Shore are
mnte reoently refained in lecal numsery aneis compared fo lar-
var spawned in orher negioms that ane widely dispersed fo all
areas of the Sonnd [Notcross and Brown S000; Pegan SO0 L mit-
g larval dispersal oo frection of wailable mussery seas
redudes the Hkelihond that offpring are retained in marsery hahs
ftat whose suitability may wary foem yearas-year. Prey gquoality
and survival rates of fweenile herrims durines cheir fivs winter are
also relatively lower in the Southeast Shore resion compared to
the otber seglons (Morcnss and Beown 2000, Gormat et al. D8]

Repredisctive timing also plags an impartact rale in detértnin-
ing recruitment sieeess by inflisercing the coincidence of lanmse
with prey during erivical periods |Cushing 1990), but it 5 ancer-
tadn whether ahifts i spawen thning ave linked o fissevear her-
ring sarvival in Trinee William Soond. Variation inspawn fiming
may compensate fior reducsd spatinl sements of the spawning
pontfibic, bt flese dynam les are poorly anderstead fier rhis her-
ring papolatian. Furre work is needed o giaanti fy commectiviny
between knawn spawn lacatiens and namsery areas under ditter
eat aoinegrplic conditions troughowt the spawning season,
and to examine how temiparal shifts (n spawning correspoid
with varjations n doing, magnitnde, and duracion of the spring
blaorn at affect prey quatiey and avallabllioy to larval hersing.
A lnprosed moderstaonding of how spatiotemporal variation in
spawning and correspandence with secondary production ioflu-
ences larval dispersal and firsepear survival would faciifrate
breoeporaricg rhe effects of spavwning dyoaales an seceuloment

esfimates.
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