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1.  INTRODUCTION

Small pelagic fishes serve an intermediate trophic
role as consumers of zooplankton and prey for marine

predators. Piscivorous seabirds, marine mammals, and
fishes are affected by changes in the availability of
planktivorous fishes (Cury et al. 2000), and ecosys-
tem-based fisheries management is increasingly con-
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predators and monitoring surveys is highly variable in the GOA. We demonstrate that the limita-
tions of individual data series can be compensated for by integrating multiple data sources to mon-
itor fluctuations in distributions and abundance trends of an ecologically important species across
a large marine ecosystem.

KEY WORDS:  Population dynamics · Connectivity · Spawning habitat · Individual-based model ·
Larval drift · Small pelagic fish · Forage fish

Resale or republication not permitted without written consent of the publisher



Mar Ecol Prog Ser 637: 117–140, 2020118

sidering populations of ecologically important forage
species that are not commercially exploited (Link
2002, Pikitch et al. 2004, Francis et al. 2007). Detecting
temporal changes in distributions and abundances of
small pelagic fishes is difficult due to a lack of directed
sampling for these species that is further complicated
by their aggregation behavior and variable ontoge-
netic habitat use that may span large spatial do -
mains. Accordingly, there are limitations associated
with using data from surveys designed for commer-
cial species to assess non-targeted species, as the
spatial coverage of the survey and sampling gear
used may not be appropriate to quantify small
pelagic fish occurrence and density. To gain insights
on the life history, spatial patterns, and population
dynamics of an ecologically important fish species,
Pacific capelin Mallotus catervarius (=M. villosus, see
Mecklenburg et al. 2018), this study integrated
analyses of modeled spawning habitat and larval dis-
persal with the synthesis of spatially indexed data
from multiple, independent surveys in the Gulf of
Alaska (GOA).

Pacific capelin (hereafter capelin) are small pelagic
schooling fish found in North Pacific and Arctic
waters that extend from the nearshore across the
continental shelf and to the upper slope (Mecklen-
burg & Steinke 2015). Capelin are short-lived and
primarily semelparous (i.e. they spawn once and die),
with most spawning by age 2 or 3 (Pahlke 1985, M.
Arimitsu unpubl. data) in the intertidal zone on gravel
beaches and in rivers (Stergiou 1989). Limited obser-
vations of capelin spawning indicate that the location
and timing of spawning varies across the GOA, pri-
marily occurring from late spring through summer,
depending on region (Blackburn et al. 1981, Pahlke
1985, Brown 2002, Arimitsu et al. 2008). Require-
ments for specific spawning substrates are likely in -
fluenced by additional needs for optimal water tem-
peratures (Carscadden et al. 1989, 1997), which may
lead to interannual shifts in spawn distributions across
the GOA as observed in the Atlantic (e.g. Gjøsæter
1998). After hatching from demersal eggs, the larvae
are located near the surface and are transported from
the nearshore spawning locations to offshore nursery
areas over the shelf by tidal flushing and wind-driven
currents (Doyle et al. 2002, Lanksbury et al. 2005).
The larval phase lasts for approximately 12 mo
before juvenile metamorphosis (Doyle et al. 2019),
during which transport pathways for larvae over the
shelf are unknown. Immature capelin, ages 1 yr and
older (hereafter age-1+), occur in both offshore and
inshore waters of the GOA, indicating that an un -
known proportion of larvae is retained within inshore

embayments (Brown 2002, Arimitsu et al. 2008). Age-
1+ capelin are patchily distributed offshore over the
shelf (Mueter & Norcross 2002, Piatt et al. 2018,
McGowan et al. 2019a,b), as well as in coastal and
inshore waters around the Kodiak Archipelago (here-
after Kodiak; Blackburn et al. 1981, Pahlke 1985),
lower Cook Inlet (Abookire & Piatt 2005, Speckman
et al. 2005), Prince William Sound (Brown 2002), and
southeast Alaska (Arimitsu et al. 2008) (see Fig. 1).

Capelin are mobile and gregarious, and spatial and
temporal fluctuations in their distributions affect
their availability as prey to piscivorous seabirds
(Hatch 2013, Sydeman et al. 2017), marine mammals
(Witteveen et al. 2008), and commercially important
fishes (Aydin et al. 2007). Unlike M. villosus popula-
tions in the Atlantic, capelin have not been commer-
cially exploited in the Northeast (NE) Pacific, nor
have they been a focal species for fisheries abun-
dance surveys. Nearly all studies of capelin in the NE
Pacific have been limited by 1 or more of the follow-
ing factors: temporal duration (typically ≤ 3 yr); spatial
coverage (e.g. study area of ~10s to 100s of km versus
the population’s range of ~1000s of km); sampling
biases associated with fixed-depth gear, trawl selec-
tivity, temporal sampling (e.g. differences in diel
catch rates), and/or uncertainties in acoustic identifi-
cation of capelin; and indirect sampling (e.g. abun-
dance inferred from predator diets). As a result, a
comprehensive assessment of capelin life history and
population dynamics has not been conducted in the
GOA or elsewhere in the NE Pacific, but is needed
to evaluate how spatio-temporal changes in their
availability as prey impacts managed piscivores
under an ecosystem-based approach to fisheries
management.

To overcome these methodological challenges and
gain insights on an ecologically important forage
species, we attempted to compensate for the limita-
tions of individual data series by integrating multiple,
independent data sources from groundfish abun-
dance and ecosystem monitoring surveys with
spawning habitat and larval dispersal models to
explore relatively unstudied processes and synthe-
size current understanding of spatial patterns and
trends in the GOA capelin population over the past 2
decades. The specific objectives of the study were to:

(1) characterize important features of capelin
spawning habitat from observational data and iden-
tify potential capelin spawning habitat throughout
the GOA;

(2) simulate larval dispersal in the GOA to assess
connectivity between inshore spawning areas and
offshore distributions of larval capelin;
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(3) synthesize available survey data to characterize
spatial and temporal distributions of capelin in
inshore and offshore waters of the GOA;

(4) develop a conceptual model of capelin spatial
patterns and connectivity between spawning habi-
tats and high-density observations of larval and age-
1+ fish in the GOA.

2.  METHODS

2.1.  Study area

The GOA ecosystem is characterized by complex
topography and circulation. Numerous fjords and
coastal embayments line the GOA coastline, while
troughs and deep canyons occur on the continental
shelf (Mundy 2005, Zimmermann & Prescott 2015,
Mordy et al. 2019) (Fig. 1). Two major circulation pat-
terns occur in the GOA (Fig. 1): a cyclonic subarctic
gyre around the deep basin, and the Alaska Coastal

Current (ACC) over the shelf (Stabeno et al. 2004,
2016a, Ladd et al. 2005). The gyre’s eastern boundary
current, the Alaska Current, flows northward along
the coast of southeast Alaska (Stabeno et al. 2016b).
In the northern GOA, the Alaska Current turns south-
westward, where it diverges into the Alaskan Stream
and the ACC (Stabeno et al. 2004). The Alaskan
Stream is a narrow, high-speed western boundary
current that runs along the upper slope parallel to the
shelf break towards the Aleutian Islands (Stabeno et
al. 2004). Over the shelf, the ACC’s flow is continuous
yet highly variable, driven by alongshore winds and
freshwater inputs from rivers (Royer 1982, Stabeno et
al. 2004, 2016a).

To account for differences in spatial sampling
among data sources used to assess capelin distribu-
tion and abundance, the GOA was divided into 2
inshore and 5 offshore regions (Fig. 1). The inshore
regions included: southeast Alaska inner waters
(SEAK: Glacier Bay, Cross Sound, Sitka Sound, Yaku-
tat Bay, and Icy Bay) and southcentral Alaska (SCAK:
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Cook Inlet, coastal embayments along the Kenai
Peninsula, and Prince William Sound). Offshore waters
deeper than 500 m bottom depth were defined as
the ‘slope,’ while offshore regions over the GOA
shelf (<500 m) were defined by longitude: eastern
shelf (EGOA: 134−140° W); northern shelf (NGOA:
140−147° W); central shelf (CGOA: 147−154° W); and
western shelf (WGOA: 154−165° W).

2.2.  Classification of potential spawning habitat

To provide baseline information regarding capelin
spawning in the GOA, we combined spawning ob -
servations with a comprehensive database of shore-
line habitats. Capelin in the North Pacific are believed
to only spawn in the intertidal zone along gravel
beaches and in rivers (Stergiou 1989), unlike in the
Atlantic where capelin M. villosus also spawn demer-
sally in offshore waters (Sætre & Gjøsæter 1975,
Carscadden et al. 1989). Therefore, we focused our
analysis on shoreline habitats and used the Shore-
Zone Coastal Habitat Mapping System (https://
alaskafisheries. noaa. gov/ habitat/s horezone- reports),
a database that describes coastline habitat through-
out the GOA in a consistent manner. ShoreZone
assigns geomorphic and biological attributes to
alongshore segments based on imagery collected
during low-altitude aerial surveys (Harper & Morris
2014). Information compiled from 28 sites where
capelin spawning was either directly observed or
inferred from the presence of adults in spawning
condition (Table S1 in Supplement 1 at www. int-res.
com/ articles/ suppl/ m637 p117 _ supp .pdf) was com -
bined with ShoreZone data to define criteria that
best described capelin spawning habitats (Fig. 2A).
Because many of the identified capelin spawning
sites had imprecise geographical coordinates, a 1 km
buffer was created around each known point, and all
ShoreZone units that fell within that buffer were
selected as potential descriptors of spawning habitat.
The ShoreZone attribute values for each selected
unit were collated to identify common values among
sites.

Twelve attributes had values that occurred consis-
tently in multiple units and were chosen for identify-
ing potential spawning habitat (Table 1). Attributes
for shore type (BC_CLASS) and an environmental
sensitivity index (ESI) are general descriptors that
aggregate multiple characteristics in a single value
(e.g. an ESI value of 9A indicates sheltered tidal
flats). The attribute EXP_BIO indicates exposure to
wave activity. The remaining 9 attributes describe

specific characteristics of 3 intertidal across-shore
subcomponents (B1−B3; few of the units had >3 sub-
components). For each subcomponent, attributes
described primary landform (e.g. beach, cliff), pri-
mary substrate (e.g. clastic, bedrock), and the slope
angle. We did not further specify particle size or sed-
iment composition using substrate characteristics
from other studies (e.g. Nakashima & Taggart 2002)
due to uncertainty in the accuracy of aerial survey
observations for these metrics in the ShoreZone data-
base. The selection query for the subcomponents was
structured so that at least 1 subcomponent had to
meet the necessary criteria.

Because the ShoreZone habitat data are highly
complex and multiple values were identified for each
attribute, we defined 2 levels of habitat classification,
permissive and restrictive, based on the cumulative
frequency distributions for each attribute. Permissive
classification included the combination of values that,
when ranked from most common to least common, de -
scribed at least 75% of the buffer-selected Shore-
Zone units. The restrictive classification included the
ranked values that described less than 75% of the units
(Table 1). For example, the permissive BC_CLASS
criteria (types 24, 28, and 31) were found in 83% of
the units, while the restrictive criteria (24 and 31)
occurred in 63% of the units.

The 2 sets of criteria were used to query the data-
base of all ShoreZone units in the GOA. The resulting
selections, as well as the entire dataset, were aggre-
gated into 40×40 km grid cells encompassing the
GOA coast. For each level of classification, an index of
potential spawning habitat density was calculated as
the sum of selected shoreline lengths (km) divided by
the total length of shoreline in each grid cell. Analyses
were conducted using GIS (ArcGIS 10.3, ESRI).

2.3.  Simulation of larval transport

The influence of ocean circulation and dispersal on
larval distributions and connectivity between known
capelin spawning locations and distributions of larval
capelin over the GOA shelf (see Section 2.4.) were
ex plored using the Dispersal Model for Early Life
Stages (DisMELS), an individual-based biophysical
modeling (IBM) framework used to examine pelagic
larval dispersal for marine organisms in the GOA
(Cooper et al. 2013, Duffy-Anderson et al. 2013,
Stockhausen et al. 2019). The model coupled coarse
capelin early life-history characteristics with daily
averaged output from the Regional Ocean Modeling
System (ROMS: https://www.myroms.org), a primi-

https://www.int-res.com/articles/suppl/m637p117_supp.pdf
https://www.int-res.com/articles/suppl/m637p117_supp.pdf
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tive-equation 3-dimensional ocean circulation model
driven by atmospheric forcing. The ROMS model
incorporated nested models (NPac with 20−40 km
resolution, NEP with 10 km resolution, CGOA with
3 km resolution) where coarser grids set boundary
conditions for finer-resolution grids (Shchepetkin &
McWilliams 2005, Haidvogel et al. 2008, Hermann et
al. 2009, Coyle et al. 2013).

Using the DisMELS framework (Table 2; see details
in Stockhausen et al. 2019), particles representing
capelin larvae were released within the GOA, with
model domain extent defined by the 3 km CGOA
ROMS grid. Simulated larvae were released from
9 point locations (Fig. S1 in Supplement 2) that were
located just offshore of known inshore spawning
locations for capelin to minimize any limitation of the
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ROMS model to resolve nearshore circulation. The
model was run for 2 climatically contrasting years:
2003 (an El Niño year), and 2011 (a strong La Niña
year) (Multivariate ENSO Index: https:// www. esrl.
noaa. gov/ psd/ enso/ mei; Wolter & Timlin 1993, 1998).
Simulated larvae were released daily from the 10th to
the 20th day of May, June, and July of each study year
(10 d cohorts), with a model duration from May−
November to capture general dispersal patterns from
spawning locations. Larvae were assigned a vertical
swim speed of 0.003 m s−1 to maintain their vertical
position within the assigned depth interval (Sohn
2016). Based on historic vertical distribution data
from multiple opening/closing net and environmen-
tal sensing system (MOCHNESS) samples collected
in the CGOA region in 2002 and 2004 (D. Cooper
unpublished data), larvae were separated into 2 life
stages to correspond to vertical distributions associ-
ated with ontogeny (Fig. S2): pre-flexion larvae were
assigned a preferred depth of 20−50 m, and post-
flexion larvae had a preferred depth of 50−80 m. No
other biological characteristics differed between life
stages in the model. Transition between pre-flexion
and post-flexion larvae occurred at 7 mm length and

was based on a growth rate of 0.1 mm d−1 following
Doyle et al. (2002), a calculated growth estimate at a
temperature of ~6°C during the study months (Stabeno
et al. 2016a), and an estimated 8 h of bright sunshine
(Frank & Leggett 1982). Vertical and horizontal parti-
cle diffusion rates were each set at 0.001 m2 s−1 (Sohn
2016) with diffusive particle movement incorporating
swimming and horizontal or vertical random walks.
Mortality was not included in the model because the
goal of this study was to identify potential connectiv-
ity pathways and source locations for larvae. Age,
size, and developmental stage of simulated larvae
were tracked in 20 min time steps with particle loca-
tions (latitude, longitude, depth) updated using a
fourth-order predictor-corrector algorithm (Stock-
hausen et al. 2019).

To identify dispersal patterns, potentially impor-
tant spawn locations, and regions of larval accumula-
tion, model outputs were plotted as heatmaps to
depict simulated larval accumulation in each region
(Fig. 1) by month for each spawning (i.e. release)
location (1−9, Fig. S1). To display daily model output,
temporal heatmaps depict the proportion of daily lar-
val observations in each region by month (May−
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Attribute      Description                                    Value   Description                                                                                                Res

BC_CLASS   Shore type                                           31      Estuarine processes dominant structuring of shore type                             x
                                                                                    24      Wave-structured; sand & gravel flat or fan (<5°), wide (>30 m)                 x
                                                                                    28      Wave-structured, sand flat (<5°), wide (>30 m)                                             
                                                                                                                                                                                                                            
ESI                 Environmental sensitivity index        5       Mixed sand and gravel beaches (cf. Table 14 in Harper & Morris 2014)
                                                                                    9A     Sheltered tidal flats                                                                                           x
                                                                                   10A    Salt- and brackish-water marshes                                                                   x
                                                                                                                                                                                                                            
EXP_BIO      Biological wave exposure                  *       All values selected except exposed (E) and very exposed (VE)                  x
                                                                                                                                                                                                                            
Form1_Bi          Principal geomorphic feature            B       All beach features                                                                                             x
                      (i.e. landform) within across-shore   P       All platform features
                      component of the intertidal zonea     T       All tidal flat features                                                                                           
                                                                                                                                                                                                                            
                      
Mat1_Bi         Substrate that best characterizes      C      All clastic sedimentsb                                                                                        x
                      Form1_Bi

SLOPE_Bi     Estimated across-shore slope            *       Average slope within one of the Bi components was < 20°                          x
                      of Form1_Bi

aThe intertidal zone may be comprised of 1 to 3 components (B1, B2, B3) indexed by i, in which the component with the lower
number is located higher on the shore. One of the Bi components must be of a low slope form (e.g. Form1_B1 can be cliff if
Form1_B2 is beach)

bIncludes sand, pebbles, rock, cobble, and boulders because we anticipated high uncertainty in the proportional composition
of substrate materials based on identification from aerial surveys

Table 1. ShoreZone coastal habitat mapping attributes used for predicting capelin spawning habitat and the attribute values
corresponding to permissive selection criteria. Attributes that correspond to restrictive selection criteria (Res) are indi-
cated by an ‘x’. Multiple categorical or numeric values are indicated by an asterisk (*). For further explanation of the attribute 

values, refer to the ShoreZone website (https:// alaskafisheries. noaa.gov/ habitat/shorezone-reports)
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November) compared to the total potential number of
larval observations based on the number of virtual
larvae spawned:

(1)

For example, if 10 virtual larvae spawned from loca-
tion 1 were located in the CGOA region throughout
May (31 d), then the numerator would be 10 larvae
× 31 d. The denominator is a total cumulative sum
based on larvae that were spawned. Therefore, if
a total of 90 larvae were spawned prior to 1 May
across all 9 spawn locations, then the denominator
would be 90 larvae × 31 d. This calculation includes
larvae that exited the model domain. Daily model
output was also plotted showing dispersal paths for
May, June, and July spawning cohorts from each
spawn location.

2.4.  Characterization of stage-specific distributions

To identify areas of the GOA where capelin consis-
tently occur and concentrate, spatial patterns of
capelin catch per unit effort (CPUE) were compared
among multiple, independent surveys conducted
within inshore and/or offshore waters over the GOA
shelf (Table 3). Detailed descriptions of each data
source are provided in Tables S2−S7 in Supplement
1. Briefly, capelin CPUEs for larval (<6 cm fork
length, LF) and age-1+ fish (>6 cm LF) were collected
between 1996 and 2016 within inshore waters of the
SCAK and SEAK regions by the US Geological Sur-
vey (USGS) using beach seines and 2 types of mid-
water trawls (Table S2; hereafter USGS survey).
In offshore waters, capelin CPUEs were collected

between 2000 and 2015 during surveys
conducted by the National Oceano-
graphic and Atmo spheric Administra-
tion’s Alaska Fisheries Science Center
(NOAA-AFSC) designed for either
ecosystem monitoring or estimating
abundances of walleye pollock Gadus
chalcogrammus (hereafter pollock)
and other groundfish species. Larval
capelin CPUEs were collected during
ecosystem surveys using ichthyo-
plankton nets (Table S3; hereafter EC
survey). Trawl- and acoustic-based
measures of age-1+ capelin CPUEs
were collected over the GOA shelf and
upper slope during 4 surveys: a small-

mesh, midwater trawl survey designed for young-of-
the-year pollock (Table S4; hereafter MT survey), a
bottom trawl survey designed for groundfish (Table
S5; hereafter BT survey), an acoustic-trawl survey
designed for age-1+ pollock (Table S6; hereafter AT
survey), and an acoustic-trawl survey designed for
ecosystem monitoring (Table S7; hereafter GE sur-
vey). With the exception of the inshore USGS sur-
veys, capelin was not a focal species during the
design or sampling of any surveys. USGS sampling
was spatially limited to a subset of inshore locations
each year. Data collected before and after the off-
shore data study period (2000 to 2015) were included
to expand this study’s spatial coverage and/or
increase low sample sizes (Table S2).

Length measurements were plotted as relative fre-
quencies by life stage (standard length, LS, for larvae;
LF for age-1+) to identify length modes and range of
sizes sampled by each survey. Inshore capelin
lengths were pooled across years and gear types by
life stage (larval, age-1+) and region, while offshore
age-1+ lengths were pooled across years by survey.
Length measurements (cm) for inshore larvae were
converted from total lengths (LT) to LS using the rela-
tionship between paired measurements (n = 44): LS =
0.884 × LT + 1.0306 (R2 = 0.997). Since only a subset of
larvae is measured at each station (maximum =
50 ind. taxon−1), capelin size composition at each sta-
tion was calculated using length frequencies to
apportion the total catch; size compositions were
summed across station by season and expressed as
proportions. LS measurements for age-1+ fish from
the MT and AT surveys were converted to LF using
an equation derived from a subset of fresh capelin
collected during the AT survey from which all
3 length measurements (cm) were taken (n = 221):
LF = 1.0563 × LS + 0.0364 (R2 = 0.997).

Proportion

daily larval count released from
location in region during month

daily total potential larval count
during month

x y z

z

∑
∑

=
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Parameter Pre-flexion Post-flexion

Daily particle release dates 10−20 May, 2003 and 2011 NA
10−30 June, 2003 and 2011
10−20 July, 2003 and 2011

Preferred depth range (m) 20−50 50−80
Vertical swim speed (m s−1) 0.003 0.003
Size at transition to next stage (mm) 7 NA
Growth rate (mm d−1) 0.1 0.1 
Vertical diffusion rate (m2 s−1) 0.001 0.001
Horizontal diffusion rate (m2 s−1) 0.001 0.001 
Time step (min) 20 20
Model output Daily Daily

Table 2. Summary of individual-based biophysical model parameters for each 
of the life stages simulated in the model. NA: not applicable
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To facilitate comparisons among the different sur-
vey designs and sampling gears, CPUE data were
normalized (nCPUE) by the sum of catches within the
following strata:

USGS survey:

(2)

EC survey:

(3)

MT survey:

(4)

BT and AT surveys:

(5)

GE survey:

(6)

This normalization was intended to highlight areas
where capelin consistently occur in years of both high
and low abundance. USGS survey data were not nor-
malized by year due to low sample sizes within each
region−gear stratum (Table S2), and therefore distri-
butions do not account for interannual variability.

Distributions of nCPUEs were mapped by life stage
(larval, age-1+) for inshore and offshore surveys. For
each inshore region and life stage, nCPUEs from

nCPUE
CPUE for inshore region and gear type

=
r g

CCPUE for inshore region and gear typer g∑

nCPUE
CPUE for year and season

CPUE for year
=

t s
and seasont s∑

nCPUE
CPUE for year and diel period

CPUE for
=

t d
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Survey   Region (location)                              Year                                                      Season                              Gear                   

USGS     SCAK (Cook Inlet)                           1996−1999, 2016−2017                        Su                                      MHT                  
               (Kenai Fjords)                                   2007−2008                                            Su                                      BS, IKMT           
               (Prince William Sound)                    2010, 2012−2016                                  Su                                      BS, MHT            
               SEAK (Yakutat Bay, Icy Bay)          2002, 2011                                            Su                                      BS, MHT            
               (Outer Coast, Icy Strait, Skagway)   1999−2003                                            Su                                      BS, IKMT, MHT
               (Glacier Bay)                                    1999−2004                                            Su                                      BS, IKMT, MHT
                                                                                                                                                                                                             
EC          WGOA                                              2000−2013. 2015                                  Sp                                      60BN                  
                                                                         2000, 2003, 2005, 2009−2015a             Su                                      60BN                  
                                                                         2000−2005, 2007, 2009                        Fa                                      TT                       
                                                                         2011, 2013, 2015                                                                            60BN                  
               CGOA                                               2001−2007, 2010−2011, 2013, 2015    Sp                                      60BN                  
                                                                         2000−2006, 2009−2013, 2015              Su                                      60BN                  
                                                                         2000−2005, 2007, 2009                        Fa                                      TT                       
                                                                         2011, 2013                                                                                      60BN                  
               NGOA                                               2003, 2005, 2007, 2011, 2013, 2015    Sp                                      60BN                  
                                                                         2002, 2004, 2011−2015                        Su                                      60BN                  
               EGOA                                               2005, 2010−2011, 2013                        Sp                                      60BN                  
                                                                         2010−2015                                            Su                                      60BN                  
                                                                         2014−2015                                            Fa                                      60BN                  
                                                                                                                                                                                                             
MT         WGOA                                              2000, 2001−2015a                                 Fa                                      ST                       
               CGOA                                               2005−2015a                                           Fa                                      ST                       
                                                                                                                                                                                                             
BT          WGOA, CGOA, NGOA                   2001−2015a                                           Su                                      PNE                    
               EGOA                                               2003−2015a                                           Su                                      PNE                    
                                                                                                                                                                                                             
AT          WGOA, CGOA                                2003, 2005, 2011−2015a                       Su                                      EK60, AWT        
               NGOA                                               2003, 2013, 2015                                  Su                                      EK60, AWT        
               EGOA                                               2013, 2015                                            Su                                      EK60, AWT        
                                                                                                                                                                                                             
GE          CGOA, NGOA, EGOA                    2011, 2013                                            Su, Fa                               ES60, CT            

aOdd years only

Table 3. Summary of data sources. Coverage by survey (USGS: inshore survey; EC: ecosystem ichthyoplankton survey; MT:
midwater trawl survey; BT: bottom trawl survey; AT: pollock acoustic-trawl survey; GE: ecosystem acoustic-trawl survey), re-
gion (see Fig. 1), year, season (Sp: spring; Su: summer; Fa: fall), and sampling gear (60BN: 60 cm bongo net; AWT: Aleutian
wing trawl; BS: beach seine; CT: Cantrawl; EK60 and ES60: EK60 and ES60 echosounders, respectively; IKMT: Isaacs-Kidd 

midwater trawl; MHT: modified herring trawl; PNE: poly Nor’eastern trawl; ST: Stauffer trawl; TT: Tucker trawl)
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USGS surveys were averaged across years and gear
types within 10 × 10 nautical mile (n mile; 18.5 ×
18.5 km) grid cells and plotted as density percentiles
in 10% increments. For each offshore survey, nCPUEs
for age-1+ fish were averaged across years within 20 ×
20 n mile (37 × 37 km) grid cells and similarly plotted
as density percentiles, while nCPUEs for larval capelin
from the EC survey were averaged across years by
season (spring, summer, fall) in 20 × 20 n mile cells.

2.5.  Age-1+ distributions relative to bottom depth

Catch rates and vertical distributions of age-1+
capelin were quantified relative to bottom depth over
the GOA shelf to assess whether differences in spa-
tial patterns among the 4 offshore surveys were
related to sample designs and coverage. For each
age-1+ offshore survey, raw CPUEs (kg km−2 for BT,
MT, and AT surveys; acoustic backscatter attributed
to capelin, sA, m2 n mile−1, for GE survey) from all
years were plotted relative to bottom depth, and the
mean bottom depths were calculated for all samples
in the survey, samples where capelin were present
(CPUE > 0), and for all samples weighted by capelin
biomass density. Interannual variability in occur-
rence frequencies was also examined in 2 bottom
depth strata (<100 m = ‘shallow,’ 100−300 m = ‘deep’)
by survey. Finally, vertical distributions from GE sur-
veys in 2011 and 2013 were characterized following
McGowan et al. (2019a) by calculating the center of
mass (i.e. the mean vertical location within a 0.5 km
horizontal bin weighted by sA) depth within 25 m
bottom depth increments for summer and fall.

2.6.  Population dynamics

To examine trends in relative abundance of capelin
in the GOA, we compared annual estimates of mean
densities of larval and age-1+ fish from offshore sur-
veys. Indices were calculated from each of the follow-
ing data sources: mean CPUEs for larval capelin (no.
fish 10 m−2) from the EC survey (fall samples only);
mean CPUEs for age-1+ capelin (kg km−2) from the BT,
MT (night samples only, cf. McGowan et al. 2019b),
and AT surveys. Regional indices of relative abun-
dance were derived for each index for years in which
8 or more samples were collected within a region (see
Tables S3−S6). Time series from 2 additional data
sources (see Supplement 1 for details) were included
in the population dynamics analysis: larval capelin
biomass collected during oceanographic sampling in

fall along the Seward Line (Fig. 1) in the NGOA (here-
after SL survey), and an index of capelin relative abun-
dance derived from prey compositions of various pis-
civorous seabird and groundfish species in the GOA
using dynamic factor analysis (hereafter capelin DFA
index). To facilitate direct comparisons among indices
that are based on different sampling approaches,
each survey-based index was standardized by sub-
tracting index values from their mean and dividing by
1 SD. Consistency among the indices was assessed
based on the direction and magnitude of anomalies.

2.7.  Identifying core areas

Distributions from all inshore and offshore surveys
were synthesized to identify areas that are consistently
occupied by capelin in the GOA. High-density
spawning habitat areas were identified based on the
upper 90% density percentile for ShoreZone coastal
habitat data using the restrictive classification criteria
(see Table 1). To identify areas where larval and age-
1+ capelin consistently occur, each inshore and off-
shore survey’s distribution of normalized CPUEs was
constrained to grid cells with values in the upper 50%
density percentile, and then the retained grid cells
from all of the surveys were combined by life stage
and plotted as a composite distribution. Larval capelin
distributions from summer and fall surveys were plot-
ted separately to show seasonal differences. Core ar-
eas where age-1+ capelin concentrate were identified
by concentrations of grid cells with normalized CPUE
values in the upper 75% density percentile for any of
the surveys. To improve visualization of the composite
distributions, smooth polygons were created around
the perimeters of clustered grid cells.

3.  RESULTS

3.1.  First year of life

3.1.1.  Characterization of potential spawning
habitat

Both permissive and restrictive criteria resulted in
classifications of ubiquitous and abundant capelin
spawning habitat (Fig. 2B,C) that was primarily dis-
tributed along coastlines that consisted of relatively
flat, intertidal beaches comprised of sand and gravel,
that were protected or semi-protected from wave
exposure (Table 1). Permissive criteria identified 0 to
356.6 km of coastline per 1600 km2 grid cell as poten-
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tial spawning habitat, and restrictive criteria identi-
fied 0 to 77.5 km of coastline per cell, relative to a
total coastline length per cell that ranged from 0 to
646.2 km. Habitat index density values varied
between 0 and 1 and had a log-normal distribution
(Fig. 2B,C), with most cells having a low density of
potential spawning habitat. The spatial pattern of
cells with the highest densities was similar between
the permissive and restrictive scenarios, except that
clusters of high-density cells were larger for the per-
missive criteria. Kodiak, the south Kenai Peninsula,
western Prince William Sound, and southeast Alaska
were determined to have substantial availability of

potential spawning habitat. The 2 scenarios diverge
somewhat in Cook Inlet: the restrictive criteria sug-
gested high densities only in the northern part of the
Inlet, while the permissive criteria suggested that
spawning habitat is located throughout the area.

3.1.2.  Simulated larval transport

The IBM results suggest broad-scale dispersal of
capelin larvae across the GOA and connectivity
be tween eastern spawning locations and the WGOA
throughout the 6 mo modeled time period (Fig. 3).
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The degree to which particle accumulation within
regions in the GOA can be attributed to a single
or an amalgam of spawning locations differed
among re gions and across months. For example,
particles from all spawning locations contributed
to capelin larval occurrence in the WGOA, but lar-
vae spawned in spring or summer (May, June,
July) in the EGOA (i.e. Cross Sound, location 9)
may not reach the WGOA until November. In con-
trast, those spawned in the WGOA (Alaska Penin-
sula, location 1) contributed substantially to larval
abundance in the region throughout all months.
Interestingly, larvae accumulating in the CGOA
were primarily sourced from Kachemak Bay (loca-
tion 3), indicating high retention of larvae spawned
within Cook Inlet. In contrast to these more west-
ward regions in the GOA, larval occurrence and
accumulation in the NGOA and EGOA regions
could not be attributed to a single spawn lo cation
to the same degree. Notably, larval occurrence in
the EGOA was the result of spawning near the
Copper River (location 7), between Icy Bay and
Yakutat Bay (location 8), and Cross Sound, indica-
ting eastward transport of particles from the Cop-
per River. Though few particles were transported

to the slope region, most were released from Cross
Sound.

Comparisons among spawning months indicated
that differences in spawn timing also impact larval
trajectories. For example, in both 2003 and 2011,
particles released in May from Prince William
Sound− Montague Strait (location 5) traveled to the
south of Kodiak in comparison to the other 2
spawning months (Fig. 4). In contrast, there were
minor differences in larval trajectories between
2003 and 2011, during which particles in both
years traversed across the GOA shelf and were
primarily transported through Shelikof Strait via
the Kennedy-Stevenson Entrance to the north of
Kodiak (Figs. S3 & S4 in Supplement 3). This pat-
tern was also emphasized by the scarcity of parti-
cles found in the slope region across any of the
study months (Fig. 3). These transport paths were
clearly related to circulation patterns over the
GOA shelf (Fig. 1). Notable differences among
years included a greater number of larvae offshore
in 2011 compared to 2003 that were spawned from
Cross Sound and some differences in divergences
of particle transport to the north and south of
Kodiak (Fig. 4).
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Fig. 4. Simulated trajectories presenting the daily model output across the 6 mo duration of the model in 2003 and 2011 from
the Prince William Sound (PWS)−Montague Strait and Cross Sound spawn locations (red circles). Particles were released daily 

from the 10th to the 20th day of each month.
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3.2.  Spatial dynamics

3.2.1.  Larval distributions

Inshore distributions of capelin larvae were patchy
during summer in SCAK (Fig. 5, Table S2), primarily
occurring in western and northern Prince William
Sound, with low frequency of occurrence in Cook
Inlet. In contrast, capelin larvae were more widely
distributed in SEAK, where high densities occurred
in Glacier Bay, Cross Sound, Icy Bay, and Yakutat
Bay. Length frequency distributions of larvae in the
SCAK region peaked between 2.0 and 3.0 cm LS,
whereas we observed no well defined peaks across a
wider distribution of lengths between ~2.0 and
4.5 cm LS in SEAK (Fig. 5).

Overall, the density of larval capelin offshore was
higher over the inner shelf and consistently low near
or beyond the shelf break (Fig. 6). In spring, larval
capelin were rarely caught (Table S3), with most
occurrences observed along the southern edge of
Kodiak. Length composition in spring indicated rela-
tively large larvae, often greater than 3.0 cm LS, sug-
gesting that these fish were spawned the prior year.
In the summer, the highest densities of larval capelin

were primarily nearshore in the EGOA and over the
inner shelf in the CGOA. Larval densities in the sum-
mer were relatively low over the WGOA shelf, with
exception of isolated high densities near the west
side of Kodiak. Among the 3 seasons, larval capelin
were smaller in the summer, with the majority being
between 0.5 and 1.0 cm LS. Frequency of occurrence
and densities of larval capelin were highest in fall
(Table S3), with the highest densities observed near-
shore of Kodiak. Although some high-density patches
of larval capelin were observed along the Alaska
Peninsula, densities were generally lower in the
WGOA compared to the CGOA (but note that there
was limited survey coverage in the NGOA and
EGOA regions in fall). Larvae had a wider size distri-
bution in the fall (most between 1.0 and 1.5 cm LS)
than in summer, suggesting a protracted spawning
period and/or spatially variable growth rates.

3.2.2.  Age-1+ distributions

Inshore densities of age-1+ capelin in summer
were concentrated on the western side of Cook Inlet,
the mouth of Kachemak Bay, and along the Barren

Islands. They were also concentrated
near tidewater glaciers in Kenai
Fjords, Prince William Sound, Icy Bay,
Yakutat Bay, Lituya Bay, Glacier
Bay, and Lynn Canal (Fig. 7). USGS
surveys recorded maturity stage, ob -
serving capelin in spawning condi-
tion at all inshore sampling locations
(Table S2) in the SCAK and SEAK
regions during summer months.
Similar to capelin larvae, length fre-
quency distributions of age 1+ fish
exhibited a peak between 7 and 9 cm
LF in SCAK while they were spread
over a greater range of lengths (6 to
11 cm) in SEAK. Frequency of occur-
rence of subadult and adult capelin
in trawls in SEAK (Cook Inlet:
11−35%; Prince William Sound:
0−42%) was generally lower and
less consistent among years than
in SEAK (especially Glacier Bay:
52−59%) (Table S2).

Offshore distributions of age-1+
capelin were consistently concen-
trated over the CGOA shelf near
Kodiak (Fig. 8). High densities of
capelin (>80% density percentile)
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occurred in the CGOA region over or near Albatross
and Portlock Banks and north of Kodiak. In the
WGOA, the BT and MT surveys observed high den-
sities of capelin near Unimak Island, while the MT
survey (and to a lesser extent the AT survey) meas-
ured moderate to high densities of capelin over the
inner shelf along the Alaska Peninsula between the
Shumagin and Semidi Island groups. In the NGOA,
high densities of capelin were encountered both over
the outer shelf near Middleton Island and the inner
shelf near Kayak Island. In the EGOA, the BT survey
sampled high densities of capelin along the coast be -
tween Yakutat and Cross Sound, with no aggregations
observed over the shelf southeast of Cross Sound.

Length compositions from the age-1+ offshore sur-
veys indicated 2 distinct length modes that ranged
from 7 to 10 and 10 to 13 cm LF (Fig. 8). Published
length−age relationships indicate these modes corre-
spond with age-1 and older fish; however, length is
not a reliable way to age immature capelin (Pahlke
1985, Naumenko 1996). Both size modes were clearly
observed in trawl catches from the AT and GE
acoustic surveys. In contrast, the MT survey’s catches

were mostly comprised of smaller fish (7 to 9 cm),
while the BT survey catches were comprised of
larger fish (9 to 13 cm). These differences in length
distributions are not surprising given that the MT
survey uses a smaller net with a finer mesh liner in
the codend (3 mm) compared to the other surveys
(1.3 to 3.2 cm mesh codend liner).

CPUEs varied by orders of magnitude among the
offshore surveys (Fig. 9). Annual averages of all sam-
ples where capelin were present (i.e. non-zero means)
were lowest in the BT survey (range: 2.1 to 252.8 kg
km−2, Table S5), followed by the MT survey (day
sample range: 20.4 to 1382.4 kg km−2, night sample
range: 10.4 to 2123.8 kg km−2, Table S4), and highest
in the AT survey (range: 5855 to 18 086 kg km−2,
Table S6). These differences are not surprising given
that each of these surveys employs different sam-
pling approaches. In contrast, non-zero acoustic den-
sities from the AT (mean sA ± SE: 657.8 ± 47.2 m2 n
mile−1, range: 0.6 × 10−2 to 6.0 × 104 m2 n mile−1) and
GE (mean sA ± SE: 783.2 ± 65.1 m2 n mile−1, range:
1.7× 10−2 to 1.5 × 104 m2 n mile−1) surveys in 2013
were of similar magnitude.
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3.2.3.  Age-1+ distributions relative to bottom depth

There were differences in catch rates of age-1+
capelin relative to bottom depth among the surveys.
The mean bottom depth of samples where capelin
were present was shallowest in the BT survey (mean ±
SE: 111 ± 2.0 m) and deepest in the MT survey (138 ±
3.7/134 ± 3.7 m for day/night samples) while both
acoustic surveys ranged from 118 to 122 m (Fig. 9). In
contrast, the MT survey sampled shallower waters
(mean bottom depth for all samples: 130 ± 3.6/136 ±
4.1 m for day/night) compared to the area sampled by
the BT (159 ± 1.6 m), AT (214 ± 1.2 m), and GE (311 ±
8.3 m) surveys (not shown). When weighted by capelin
density, mean bottom depths shifted towards shal-
lower depths in all surveys, and indicate that capelin
primarily concentrate between depths of 80 and 120 m
over the GOA shelf. In most years, the frequency of
capelin occurrence was higher in shallow waters
(<100 m bottom depth) compared to deeper waters
(100−300 m) over the shelf during the BT and acoustic
surveys (Fig. 10). The opposite pattern was observed
in the MT survey during which occurrence frequen-
cies were higher over deep shelf waters in all years
except one (2000), particularly during the daytime.

Vertical distributions of age-1+
capelin from the daytime GE survey
were clearly associated with bottom
depth (Fig. 11), occupying vertical
positions that were lower in the
water column over deeper bottom
depths. Capelin occupied a wide
range of water column depths in
summer (center of mass range: 13 to
149 m) and fall (range: 15 to 192 m).
In both seasons, the mean (±1 SD)
center of mass was shallowest over
bottom depths less than 75 m (51.3 ±
12.0 m in summer; 47.8 ± 15.5 m in
fall) and gradually descended to
lower vertical depths over deeper
waters of the shelf. Across all depths,
capelin were located closer to the
seafloor than the surface. Over shal-
low waters (<100 m bottom depth),
the mean distance between the
seafloor and capelin center of mass
was <20 m in both seasons (18.6 ±
16.4 m in summer; 18.3 ± 14.8 m
in fall). In comparison, the mean
(±1 SD) seafloor to center of mass
distance was 36.8 ± 21.4 m in summer
and 23.8 ± 13.8 m in fall between 100

and 150 m, and greater than 45 m in both seasons
over deeper bottom depths.

3.3.  Population dynamics

Interannual fluctuations in the relative abundance
of capelin occurred between 2000 and 2015, but years
in which abundance was high or low varied among
the 6 indices (Fig. 12). Above-average capelin abun-
dance was most evident in 2013 when positive anom-
alies occurred in 5 of the 6 indices, of which 4 were
strong anomalies (standardized index value >1).
Below-average abundance was apparent in 2015
when negative anomalies occurred in all indices that
reported CPUEs, including strong anomalies (< −1) in
the EC, BT, and MT surveys; in addition, capelin
abundance was too low for the AT survey to estimate
capelin backscatter in 2015. Low capelin abundance
also likely occurred in 2000 and 2001, when negative
anomalies were evident in a majority of the indices.
For other years, inconsistencies among index values
make it difficult to evaluate trends in capelin abun-
dance. The sign of anomalies from the larval indices
of abundance for the GOA only matched during 3 of
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the 11 yr (2000, 2013, 2015) for which data were
available from both the EC and SL surveys. Among
the age-1+ surveys, GOA abundance anomalies
were similar among the BT and AT surveys in all
years, and suggest that capelin abundance was also
above average in 2003. In contrast, anomalies from
the MT survey were only consistent with the BT sur-

vey in 2 of 8 yr (2001, 2015), although these differ-
ences may be attributed to high variances around
mean CPUEs from the MT survey. The sinusoidal
trend in the capelin DFA index, which reflects rela-
tive availability to piscivorous predators, was not
observed in the survey-based indices, but anomalies
were similar to the SL survey in 11 of 16 yr.
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Inter- and intraregional differences in abundance
trends were also apparent among the larval and age-
1+ indices. In the EC survey, mean densities of larval
capelin were higher in the CGOA region compared
to the WGOA in all years that 8 or more samples
were collected in both regions (Table S3). Similarly,
mean and non-zero mean CPUEs from all age-1+ sur-
veys were highest in the CGOA region in most years
(Tables S4−S7). For example, abundance trends from
the BT survey for the GOA were driven by higher
non-zero mean CPUEs from the CGOA region (Table
S5) and did not match trends observed in the WGOA
and NGOA regions (Fig. 12). In the MT and AT sur-
veys, differences in abundance trends between the
WGOA and CGOA regions occurred in a majority
of years (Tables S4 & S6), yet these pronounced
regional differences were partially obscured when

CPUEs were averaged across the GOA. Despite high
interannual and spatial variability among the sur-
veys, capelin were consistently observed in CGOA
waters near Kodiak in all offshore surveys prior to
2015 (Tables S3−S7).

3.4.  Conceptual model of distributions

Capelin distributions from inshore and offshore
surveys were synthesized by life stage to create com-
posite maps of areas consistently occupied by capelin
in the GOA (Fig. 13). Potential capelin spawning
habitat is primarily concentrated within 4 areas of the
GOA: islands in the WGOA between Unimak Pass
and the Shumagin Islands, Kodiak, the Kenai Penin-
sula coast and western Prince William Sound, and
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southeast Alaska. Although ShoreZone data are not
available for Glacier Bay, we also identified this
region as being an important spawning area within
SEAK based on Arimitsu et al. (2008). Larval distribu-
tions in summer and fall are adjacent or just down-
stream of these spawning areas over the inner part of
the GOA shelf. Larval capelin primarily occupy shelf
waters near Kodiak in summer and fall, expanding
their distributions downstream over the inner WGOA
shelf in fall. The IBM trajectories indicate that these
areas likely receive larvae from local spawning loca-
tions and from spawning areas located upstream in
the NGOA, and to a lesser extent in the EGOA (Fig. 3;

Figs. S3 & S4). Larval capelin also occupy coastal
waters over the EGOA shelf and inshore waters of
northern SEAK in summer, although what appears to
be a seasonal reduction in larval distributions in fall
in the EGOA may be an artifact due to a lack of fall
ichthyoplankton surveys in this region (Fig. 6).

Concentrations of age-1+ fish over the shelf near
Kodiak and lower Cook Inlet indicate that this area
represents the core habitat of the GOA population.
High spatial overlap between distributions of larval
and age-1+ fish around Kodiak suggest that capelin
settle in this area by fall of their first year. Similar
overlap of small concentrations of age-1+ fish with
broader distributions of larval capelin in the EGOA
suggest that capelin may also settle earlier in sum-
mer near local spawning areas. In contrast, small
concentrations of age-1+ capelin near Unimak Island
in the WGOA did not overlap with observed larval
distributions, suggesting movement by age-1+ fish to
this area. Limited sampling in the NGOA by the EC
survey (Fig. 6) prevented comparison of larval distri-
butions with aggregations of age-1+ capelin located
near Middleton Island.

4.  DISCUSSION

4.1.  Core areas for capelin in the GOA

For at least the past 2 decades, capelin in the GOA
have primarily concentrated over shelf waters near
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the Kodiak Archipelago. The consistent occurrence
of high CPUEs of larval and age-1+ capelin in waters
around Kodiak can be attributed to the area’s physi-
cal and biological features that facilitate larval reten-
tion from local and upstream spawning locations to
the north and east, and relatively high and sustained
production from spring to fall that promotes prey
availability to capelin. IBM results show that larval
capelin can be transported across the shelf from east
to west within a 6 mo period by the ACC. Where the

ACC bifurcates at Kennedy-Stevenson Entrance in
the CGOA (Fig. 1), larvae are either advected into
the WGOA through Shelikof Strait or to the south
along the eastern side of Kodiak. Current velocities
on the shelf along the east−southeast side of Kodiak
(hereafter the Kodiak shelf) are generally weak in
summer compared to much of the GOA shelf (cf.
Fig. 4 in Stabeno et al. 2016a). Weak currents and
eddy-like circulation around submarine banks
(Stabeno et al. 2004, Ladd et al. 2005, Cheng et
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al. 2012) may enhance retention of fish larvae over
the Kodiak shelf (Mordy et al. 2019) and accumulate
fish larvae from spawning locations in the CGOA and
EGOA regions (Goldstein et al. 2019). With the
potential for local and upstream spawning areas
(i.e. Kenai Peninsula, western Prince William Sound,
and SEAK) to supply larvae to the Kodiak shelf
throughout the summer and fall, this area may repre-
sent the collective spawning output of much of the
GOA population.

Bathymetric and circulation features of the Kodiak
shelf are also likely to contribute to increasing the
availability of prey to larval and age-1+ capelin
through summer and fall. Satellite (Waite & Mueter
2013, Stabeno et al. 2016a) and model-based (Coyle
et al. 2019) measures of integrated chlorophyll-α
show that primary production is higher over the
Kodiak shelf, in Shelikof Strait, and lower Cook Inlet
from June through October compared to most of the
GOA, where productivity is greatly reduced follow-
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Fig. 13. Conceptual diagram of areas that are consistently occupied by capelin. (A) Potential capelin spawning habitat based
on the upper 25th log-normalized quartile using restrictive classification criteria (see Table 1), and larval distributions in sum-
mer and fall based on the upper 50th density percentile of catch per unit effort (CPUE). Glacier Bay is also identified as a
spawning area based on Arimitsu et al. (2008). (B) Distributions of age-1+ capelin based on the upper 50th density percentile of 

CPUEs, with core areas indicated by the upper 75th percentile
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ing the spring bloom in April−May. Primary produc-
tion over the shelf is nitrate-limited in summer (Strom
et al. 2006), yet is sustained over the Kodiak shelf by
strong tidal pumping that supplies nitrate from bot-
tom water to the euphotic zone (Ladd et al. 2005,
Cheng et al. 2012, Mordy et al. 2019). Production is
locally enhanced over and near banks due to
increased vertical mixing that results from the inter-
action of tidal currents and the ACC with steep walls
along troughs (Stabeno et al. 2016a, Mordy et al.
2019). Increases in ACC transport, which supplies
shelf waters with terrestrial-derived iron delivered
from river discharge, further enhances production
(Stabeno et al. 2004, Lippiatt et al. 2010, Cheng et al.
2012). The extended production period in Kodiak
waters likely increases availability of micro- and
mesozooplankton prey when zooplankton biomass
declines over much of the shelf following the spring
bloom (Coyle & Pinchuk 2005, Coyle et al. 2013).
Although zooplankton availability declines season-
ally (Wilson et al. 2005), the Kodiak shelf supports
high late-summer densities of large euphausiids
(Wilson et al. 2013) that are preferred prey of age-1+
capelin (Wilson et al. 2006).

Primary production is also higher in other areas of
the GOA where larval and age-1+ capelin concen-
trate in smaller patches, indicating a potential link
between productivity and capelin distributions and
abundance. Satellite imagery from summer shows
elevated production over the shelf near Montague
Strait and north of Cross Sound (Waite & Mueter
2013, Stabeno et al. 2016a,b) where capelin larvae
concentrate. In situ measures of integrated chloro-
phyll a also show that high summer production is sus-
tained in the inshore waters of Cross Sound and Gla-
cier Bay (Etherington et al. 2007) where larval and
age-1+ capelin concentrate (Fig. 13; Arimitsu et al.
2008). Sustained production over the EGOA shelf
north of Cross Sound is fueled by nutrients supplied
from increased mixing within the Sound (Stabeno et
al. 2016b). Production is also higher in summer and
fall near Montague Strait, as well as near Middleton
Island (Coyle et al. 2019) where age-1+ capelin were
locally concentrated. Waters around Middleton
Island are commonly associated with shelf-break
eddies, which can move nitrate onshore and iron off-
shore (Coyle et al. 2019). The importance of these
core areas is supported by the IBM larval dispersal
simulation that shows transport and trajectories that
encompass these regions, as well as accumulation of
larvae within these areas of weaker currents and
high primary productivity. This indicates that areas
of the GOA shelf with sustained and elevated pri-

mary production serve as pelagic essential fish habi-
tat for capelin and potentially other pelagic fishes.

This study’s composite spatial pattern for age-1+
capelin is similar to distributions based on diets of
capelin predators sampled in the GOA and Aleutian
Islands. Piatt et al. (2018) characterized spatial pat-
terns of capelin and other forage species using thou-
sands of bill load data collected from tufted puffins
Fratercula cirrhata located at 35 colonies between
1978 and 2013, and stomach content data from
groundfish (i.e. gadids and flatfishes) sampled during
the BT survey between 1990 and 2012. Both preda-
tor-based distributions show that the highest con-
sumption of capelin occurred over the Kodiak shelf
and in lower Cook Inlet, with more localized areas
also occurring in the WGOA dispersed between
Unalaska Island and the Semidi Islands, in the
NGOA near Middleton Island and southwest Prince
William Sound, and in the EGOA near Sitka Sound
(cf. Fig. 5 in Piatt et al. 2018).

4.2.  Spatio-temporal trends in capelin abundance

Previous work in the NE Pacific suggests that
capelin populations respond to ocean temperatures.
Anderson & Piatt (1999) attributed the decline of
capelin in the GOA to the onset of warmer ocean
conditions that followed the late 1970s regime shift
(Francis et al. 1998). In more recent years, expanded
distributions of capelin and/or increases in their rela-
tive abundance coincided with cooler temperatures
in the GOA (Mueter & Norcross 2002, Hatch 2013,
Sydeman et al. 2017) and eastern Bering Sea
(Andrews et al. 2016). In this study, index values
show high capelin abundance in 2013, coinciding
with the end of a period of cold years (2008−2013),
and very low abundance levels in 2015 during the
peak of the recent marine heatwave (2014−2016)
(Bond et al. 2015, Zador & Yasumishii 2017). Anom-
alously warm conditions are likely to be a contribut-
ing factor to low capelin abundances in 2015. These
observations support the hypothesis that boreo-Arc-
tic fish species such as capelin are vulnerable to
large-scale warm temperature anomalies. This vul-
nerability may increase as the frequency and magni-
tude of marine heatwaves are predicted to increase
in the North Pacific (Oliver et al. 2018).

In other years between 2000 and 2011, a period of
less extreme shifts between relatively warm and cold
years in the GOA, all index values are highly vari-
able and capelin abundance trends are less clear.
These observations are not consistent with the idea
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that biomass variations are directly tied to changes in
GOA ocean temperatures. Relatively high abun-
dances were observed during the 2003 AT and BT
surveys, and the 2005 MT survey coincided with
warmer ocean temperatures, while low abundance
levels were observed during cooler years in the BT
(2007−2011) and AT (2011) surveys. Overall, the
available observations indicate that capelin biomass
levels are highly variable in the GOA, especially in
areas located outside the CGOA region, and that our
understanding of environmental linkages to capelin
population dynamics in the NE Pacific remains lim-
ited. At the same time, inconsistencies among these
time series in some years highlight the limitations of
monitoring abundance trends using data from sur-
veys not designed to sample capelin or other small
pelagic fishes. Contradictory abundance index val-
ues were not surprising given the differences in sur-
vey gears and designs, recognizing that the strength
of combining multiple data sources was the emer-
gence of spatial patterns, as well as identification of
factors that potentially affect data interpretation.

Recognizing the limitations of the available indi-
vidual data series for tracking capelin abundance,
our findings highlight spatial considerations neces-
sary for interpreting trends from survey- and preda-
tor-based indices from the GOA. Abundance trends
were often different between surveys with limited
spatial overlap due to patchy capelin distributions,
indicating the need to account for intra- and inter-
regional differences in survey coverage among the
data sources (cf. examples in D. W. McGowan et al.
unpubl.). Similar spatial considerations are necessary
when interpreting abundance trends from predator-
based indices. In addition, the effect of capelin verti-
cal distributions on their availability to different sam-
pling gears and predators is related to bottom depth.
For example, the close proximity of age-1+ capelin to
the seafloor in shallow waters (<100 m bottom depth)
during daytime likely increases their availability to
bottom trawls, but potentially reduces their availabil-
ity to midwater trawls. Conversely, increased dis-
tances between capelin and the seafloor over deeper
waters likely reduces their availability to bottom
trawls and increases their availability to midwater
trawls (e.g. O’Driscoll et al. 2002). Furthermore, sur-
face measures used to track changes in capelin distri-
butions in other areas of the NE Pacific (Parker-Stet-
ter et al. 2013, Logerwell et al. 2015, Andrews et al.
2016) are unreliable for the GOA because most
capelin were located below the surface trawl
footrope (~30 m) over the shelf. Similarly, the avail-
ability of capelin to surface-feeding predators is

likely limited during the day over shelf waters deeper
than 50 m bottom depth.

4.3.  Implications for management of the GOA
ecosystem

An improved understanding of how the environ-
ment influences recruitment and spatio-temporal
variation in capelin densities is needed to better
assess how GOA predators will be affected by future
fluctuations in the availability of capelin and other
forage species. There is strong evidence that preda-
tors have been impacted by rapid declines in capelin
abundance following the late 1970s regime shift
(Piatt & Anderson 1996, Merrick et al. 1997, Ander-
son & Piatt 1999) and the recent NE Pacific marine
heatwave (Zador & Yasumishii 2017). The consistent
occurrence of capelin in waters near Kodiak suggests
that they provide a reliable prey source for predators
compared to other regions where capelin abundance
is more variable; this implies there is potentially a
greater dependency on capelin for predators within
the CGOA than in other GOA regions (Kettle et al.
2015, Piatt et al. 2018). However, similar sharp reduc-
tions of capelin in seabird chick diets at Middleton
Island in the NGOA have also been documented dur-
ing and after the marine heatwave (Hatch 2018),
indicating that the effects of the recent decline in
capelin abundance on predators are not limited to
the CGOA. Therefore, anomalously low capelin den-
sities around Kodiak in 2015 were likely the greatest
reduction in prey supply in the past 2 decades, and
preliminary analysis of survey data from 2017 indi-
cates that capelin are still recovering in the CGOA
and other GOA regions (Zador & Yasumishii 2017,
Jones et al. 2019, D. W. McGowan et al. unpubl.).

To support an ecosystem-based approach to man-
aging the GOA, improvements in monitoring capelin
distribution and abundance are needed to provide
managers with timely information on how the avail-
ability of this key forage species varies. This study
identifies the Kodiak shelf and other core areas
where monitoring efforts for capelin should be prior-
itized. Our findings also show that spatial considera-
tions are necessary when interpreting abundance
trends from survey- and predator-based indices of
relative abundance. The available time series sug-
gest that capelin densities in the GOA are highly
variable across space and time. Thus, the impacts to
predators in the GOA are spatially variable and
dependent upon the predator’s foraging strategy
(e.g. central vs. non-central place foragers, shallow
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vs. deep-divers). Knowledge of these variations can
be used to assess trends and their potential impacts
on managed species and other ecosystem compo-
nents. In addition, we demonstrate that the limita-
tions of data from individual surveys can be compen-
sated for when integrated with additional data
sources, and support future development of multi-
variate capelin abundance indices derived from
spatially explicit survey and predator diet data
sources.

To assess how capelin population dynamics and
their availability to predators will be impacted by
climate-related perturbations and long-term warm-
ing in the ocean (Hollowed et al. 2013), future
research is needed to examine how capelin are
affected by environmental variability during critical
life stages. This includes (but is not limited to) assess-
ing how spawning habitat selection and spawning
distributions vary in space and time under different
environmental conditions, relating spatio-temporal
variations in larval densities with shifts in spawning
distributions and larval transport trajectories, identify-
ing key environmental factors that influence hori-
zontal and vertical distributions of larvae and age-1+
capelin, and relating abundance indices with oceano-
graphic and climate variables to better understand
processes that drive recruitment dynamics.

4.4.  Conclusion

Insights on the life history, distribution, and popu-
lation dynamics of a non-commercial, but ecologi-
cally important species can be gained through an
integrated analysis of modeled spawning habitat and
larval dispersal with synthesis of spatially indexed
data from multiple independent sources. We show
that the core distribution of capelin in the GOA is
located in the productive shelf waters surrounding
the Kodiak Archipelago. Larval transport from in -
shore spawning locations distributed along the GOA
coast to offshore shelf waters is primarily facilitated
by the ACC and influenced by both the timing and
location of spawning. Abundance indices from surveys
and predator diets between 2000 and 2015 are highly
variable and provide coherent trends only in recent
years of relatively high (2013) and very low (2015)
anomalies. With the goal of advancing ecosystem-
based fisheries management in the North Pacific,
monitoring strategies of Pacific capelin should con-
sider the local-scale variability of GOA populations
to improve assessments of the availability of forage
species to predators.
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