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ABSTRACT

In the Gulf of Alaska (GOA), forage fish species, such as age-0 walleye pollock (Gadus chalcogrammus),
capelin (Mallotus villosus), Pacific herring (Clupea pallasii), and mesopelagic fishes (e.g. Myctophidae),
are ecologically important as both consumers of zooplankton, and as prey for fish, seabirds, and marine
mammals. As part of the Gulf of Alaska Integrated Ecosystem Research Program, an acoustic-trawl
survey was conducted in the summers and falls of 2011 and 2013 to quantify variability in species
composition, density, and distributions of forage fish over the continental shelf and slope in the central
and eastern regions of the GOA. The forage fish community in 2011 was characterized by the absence
of age-0 pollock and lower densities of capelin, herring, and mesopelagics compared to observations in
2013. Age-0 pollock were abundant across both regions in summer 2013, but were rarely observed in
fall. In contrast, summer observations of herring were rare, while aggregations of herring were
observed over the eastern GOA shelf in fall of both years. Seasonal changes in community composition
are attributed to the transport of age-0 pollock from offshore waters in summer to nearshore waters in
fall, and to immigration of herring to the eastern GOA shelf in fall. Forage fish spatial patterns varied
within and between regions due to intra- and interspecific differences in horizontal and vertical
distributions that were correlated with bottom depth. Observed spatial and temporal variability in
community composition and distributions of forage fish species may potentially impact predator

foraging in the GOA, as well as the effectiveness of monitoring to detect changes in forage fish biomass.

Key Words: Capelin, distribution, forage fish, Gulf of Alaska, mesopelagic, Pacific herring, walleye

pollock, wavelets
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1. INTRODUCTION

In pelagic marine ecosystems, planktivorous fish occupy an intermediate trophic position where they
function as both predator and prey, facilitating the transfer of energy from primary consumers to
piscivores. Collectively referred to as forage fish, these include small, schooling pelagic fish, early life
stages of piscivorous fish, and mesopelagic fish species (Springer and Speckman, 1997). Throughout the
Northeast Pacific, the forage fish community is comprised of small pelagic species such as capelin
(Mallotus villosus) and Pacific herring (Clupea pallasii, hereafter herring), juvenile groundfish such as
walleye pollock (Gadus chalcogrammus, hereafter pollock) and Pacific cod (Gadus macrocephalus),
juvenile salmonids, and mesopelagic fish (e.g. myctophids) species (Mecklenburg et al., 2002; Springer
and Speckman, 1997). Forage fish serve as key prey for many seabirds, marine mammals, and
commercially important fish species (Dragoo et al., 2012; Womble and Sigler, 2006; Yang et al., 2005).
As predators, forage fish can regulate the biomass (Freon et al., 2005; Gjgseeter et al., 2002; Micheli,
1999) and species composition (Cury et al., 2000; Frank et al., 2011) of their zooplankton prey, and may
potentially influence recruitment of their predators by consuming fish eggs and larvae (Fauchald, 2010;

Kornilovs et al., 2001).

Forage fish are temporally and spatially variable in their abundance and distribution, arising from
differences in life histories among species. Fluctuations in the abundance of small pelagic species
primarily result from high recruitment variability and relatively short life spans (Freon et al., 2005).
Spawning stocks comprised of only 1 or 2 age classes cannot withstand multiple years of poor
recruitment (Freon et al., 2005; Pikitch et al., 2012; Springer and Speckman, 1997), making populations
of short-lived species more susceptible to large variations in abundance compared to those of longer-
lived species. Reduced abundance may result in contracted distributions (Hay et al., 2001; Ingvaldsen

and Gjgsaeter, 2013; MacCall, 1990); while strong recruitment can rapidly increase abundance and/or
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expand distributions (e.g. Bertrand et al., 2004; Chavez et al., 2003; Schwartzlose et al., 1999). In high
latitude ecosystems, abrupt changes in abundance and/or distribution have been observed in
populations of small pelagic species including capelin (Anderson and Piatt, 1999; Carscadden et al.,
2013a, 2013b) and herring (Clupea spp.) (Hay et al., 2001). Abundance of juvenile stages of longer-lived,
demersal fish species are also variable (e.g. Duffy-Anderson et al., 2015); with juvenile abundances
influenced by environmental conditions, rather than age structures and biomass of spawning stocks

(Szuwalski et al., 2015).

Independent of abundance, distributions of forage fish may also be influenced by environmental
processes that operate across a range of spatial and temporal scales (Freon et al., 2005; Hunt et al.,
1999; Ingvaldsen and Gjgsaeter, 2013). The distribution, intensity, and duration of oceanographic
gradients varies over scales ranging from 100s of m to 100s of km and hours to months (e.g. Stabeno et
al., 2004; Cheng et al., 2012; Ladd and Cheng, 2015). This environmental variability changes the
availability of preferred habitat and/or prey, which can influence forage fish distributions (e.g. Arimitsu
et al., 2008; Obradovich et al., 2014; Speckman et al., 2005). Vertical structure in the water column can
also influence forage fish distributions by limiting habitat (Bertrand et al., 2010; Sogard and Olla, 1998),
concentrating prey (Hunt et al., 1999; Grados et al., 2012), or providing refuge from predators (Hrabik et
al., 2006). Predators can directly influence forage fish distributions (e.g. a “halo” of local prey depletion,
Ashmole, 1963; Lewis et al., 2001), or indirectly by causing anti-predator behavioral responses, such as

shifts in vertical position (e.g. Hrabik et al., 2006; Mowbray, 2002; Scheuerell and Schindler, 2003).

From a resource management perspective, spatial and temporal variability in the species composition,
abundance and distribution of forage fish is potentially relevant when assessing the availability of food

to managed piscivorous species and the design of monitoring efforts. Variability in the availability of
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forage fish as prey may impact predator growth, fitness, and/or reproductive success (e.g. Cury et al.,
2011; Gjgsaeter et al., 2009; Robinson et al., 2015). The magnitude of any impact will depend on the
predator’s foraging behavior (e.g. Benoit-Bird et al., 2013; Fauchald, 2009), spatial constraints (e.g.
mobile versus central place forager, Orians and Pearson, 1979), and energetic requirements (e.g.
breeding versus non-breeding life stage). Similarly, variability in the species composition and
distribution of forage fish may restrict their availability to population abundance estimate surveys. The
precision and accuracy of survey abundance estimates will depend on the survey’s timing, sample

resolution and extent, and gear selection.

To support an ecosystem-based approach to fisheries management in the Gulf of Alaska (GOA),
characterization of spatial and temporal variability in forage fish distributions is needed to improve our
understanding of how changes in forage fish biomass and availability potentially impact predators
(Livingston et al., 2005). Despite their ecological importance, information on the distribution and
community structure of forage fish over the GOA continental shelf and slope is limited (Ormseth, 2014).
Resource assessment surveys conducted in U.S. Federal waters of the GOA are designed to estimate the
population abundance of commercially important demersal species. These surveys are not designed to
sample small pelagic (e.g. capelin, herring) and age-0 groundfish (e.g. pollock, Pacific cod) species
(Ormseth, 2014), yet are often the only data series available for the description of community

composition, distribution, and abundance of forage fish in the GOA.

As part of the Gulf of Alaska Integrated Ecosystem Research Program (GOAIERP -
http://www.nprb.org/gulf-of-alaska-project), this study conducted an acoustic-trawl survey in the
summers and falls of 2011 and 2013 to quantify horizontal and vertical distributions of forage fish over

the GOA shelf and slope. The GOAIERP was an inter-disciplinary effort to investigate how physical and
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biological processes in the GOA marine ecosystem determine the survival of five commercially and
ecologically important demersal species during their first year of life. Our contribution was to
characterize spatial and temporal variability in species composition and distributions of forage fish, and

to infer potential effects on forage fish predators and distribution/abundance survey efforts.

2. METHODS

2.1 Survey Design

The GOAIERP was designed to compare patterns in the central and eastern regions of the GOA during
multiple seasons and years (Fig. 1). The central GOA (CGOA) region extended from the southeast side of
Kodiak Island to the mouth of Amatuli Trough. The eastern GOA (EGOA) region extended from Cross
Sound to Cape Ommaney (southern tip of Baranof Island). Acoustic-trawl surveys were conducted in
each region during the summers (July-August) and falls (September-October) of 2011 and 2013 (Table
1). Acoustic measurements and midwater trawls sampled along parallel transects orthogonal to the
coast that extended from coastal (< 50 m bottom depth) to basin waters beyond the 2000 m isobath
(Fig. 1). Each region’s sampling grid included fixed stations spaced equidistant along transects. In the
CGOA, 53 stations spaced at 37.0 km (20 nmi) intervals were sampled along 10 transects (4 to 6 stations
per transect depending on width of the shelf). In the EGOA, the sampling grid in 2011 was composed of
52 stations spaced 18.5 km (10 nmi) apart along 13 transects (4 stations each). In 2013, the EGOA
sampling grid was increased to 72 stations along 8 transects (9 stations each), which expanded the
spatial extent to approximately 150 km offshore. All EGOA stations remained spaced at 18.5 km along

each transect, while spacing between the 5 southernmost transects (A to K) increased to 37.0 km.

2.2 Data Collection
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Acoustic data were collected during seasonal surveys in 2011 and 2013 from the F/V Northwest Explorer
and the NOAA Ship Oscar Dyson (Table 1). Simrad ES60 echosounders (Kongsberg Maritime) with hull-
mounted, split-beam transducers (38 and 120 kHz, 7° beamwidths measured at half-power points) were
used on the Northwest Explorer. Acoustic data were collected on the Oscar Dyson using Simrad EK60
echosounders and centerboard-mounted, split-beam transducers (38 and 120 kHz, 7° beamwidths).
Data were continuously collected during daytime hours (sunrise to sunset) along each transect at a
speed of approximately 5 m/s (10 knots) on the Northwest Explorer and 6.2 m/s (12 knots) on the Oscar
Dyson. Prior to the start of summer surveys, all echosounders were calibrated using a 38.1 mm tungsten

carbide sphere following Foote et al. (1987).

Fish were sampled using a 198 m midwater rope trawl (Cantrawl model 400, Cantrawl Nets Ltd) with a
1.2 mm mesh codend liner. Trawls were towed at 1.6 + 0.26 m/s (mean + SE). Surface trawls (with
additional floats attached to the headrope) were conducted at each station (Fig. 1). Midwater trawls
were conducted opportunistically to identify acoustic targets at headrope depths ranging from 10 to 250
m. Gear and time limitations precluded the trawl from being fished at depths exceeding 250 m. To
monitor headrope depth and measure the net opening during trawling, a Simrad FS900 trawl sonar was
used on the Northwest Explorer and a Simrad FS70 trawl sonar was used on the Oscar Dyson. The net
opening vertical height averaged 34.7 £ 4.3 m during surface trawls and 16.9 + 2.4 m during midwater
trawls. The horizontal spread of the net averaged 39.5 + 2.8 m during surface trawls and 62.6 £ 8 m
during midwater trawls. Surface trawls were fished for 30 minutes once the trawl sonar confirmed the
net was fully opened. Midwater trawl fishing times averaged 20 minutes (range 4 to 35 minutes) based
on acoustic densities observed on the echosounder and trawl sonar displays. Trawl catches were sorted
by species. For each species or age-group (i.e. juvenile or adult), length and weight were individually

measured for up to 50 fish, and an additional subsample of up to 200 fish were counted and bulk
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weighed to estimate the total number of fish in larger catches. Pollock less than 130 mm standard

length were classified as age-0 (Brodeur and Wilson, 1996a).

2.3 Acoustic Data Processing and Classification

The 38 kHz data were analyzed for the 2011 survey, and 38 and 120 kHz data were used for analysis of
the 2013 survey. ES60 data were corrected to remove the triangle-wave error following Keith et al.
(2005). All other acoustic data processing was completed using Echoview v5.4 (Echoview Software Pty
Ltd). A surface exclusion line was set at 10 m on the Northwest Explorer and 15 m on the Oscar Dyson to
account for transducer depth (4.9 and 9.1 m), and to exclude data within twice the near-field of the 38
kHz transducer (Simmonds and MacLennan, 2005). The seafloor was detected in the 38 kHz data,
followed by visual inspection and manual correction. A bottom exclusion line was set 1 m above the
corrected seafloor to exclude the acoustic deadzone (Ona and Mitson, 1996). Only data between the
surface and bottom exclusion lines were analyzed. 38 kHz data were analyzed to a maximum depth of
500 m, and the 120 kHz data to a maximum depth of 250 m. All acoustic data were visually inspected to
exclude electrical noise spikes or ping dropouts (i.e. transmissions in which a bottom echo was not
received at the transducer). Excluded data were removed/not included in estimates of integrated
backscatter. Ambient and vessel-generated noise were removed based on methods described by De
Robertis and Higginbottom (2007). For each frequency, linear measurements of volume backscatter (s,
m?) (MacLennan et al., 2002) were averaged in 20 pings (horizontal) by 10 m (vertical) cells and
converted to logarithmic units (i.e. mean volume backscattering strength (MVBS) dB re 1 m?, hereafter
dB). A-110 dB maximum noise threshold and a minimum signal-to-noise ratio filter of 10 dB were

applied to each analytic cell.
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Acoustic backscatter data were classified using ten single or mixed species categories (Table 2) to a
maximum depth of 250 m with the exception of the mesopelagic layer and unknown categories, which
were classified to 500 m. Data classification followed a multistep procedure (Fig. 2) that discriminated
macrozooplankton from fish, identified surface and mesopelagic layers, and then created analysis
regions for single or multispecies fish aggregations by matching observed backscatter patterns to

species compositions sampled from trawl catches (details for each category follow).

Discriminating macrozooplankton from fish

Classification of acoustic data was consistent between the 2011 and 2013 surveys, with the exception of
macrozooplankton. Addition of the 120 kHz frequency to the 2013 survey facilitated discrimination of
macrozooplankton from fish using differences in MVBS (Kang et al., 2002) between 120 and 38 kHz data
(AMVBS (120-35), measured in the logarithmic domain). Backscatter measurements within the upper 250
m of the water column were averaged into 20 ping horizontal by 3 m vertical cells for each frequency.
Cells with AMVBS (120-35) Values greater than 8.6 dB were classified as macrozooplankton, and all
remaining cells were classified as “fish” (Fig. 2). The AMVBS (120.33) 8.6 dB value is 1 standard deviation
greater than the AMVBS (120.35) for eulachon (Thaleichthys pacificus, 5.8 + 2.8 dB), the highest difference
value among common North Pacific fish species observed by De Robertis et al. (2010). Among
macrozooplankton, the AMVBS (120.3) 8.6 dB value is less than that observed for copepods (Neocalanus
spp., Murase et al., 2009) and euphausiids (Euphausia pacifica, Kang et al., 2002; McKelvey and Wilson,
2006; Murase et al., 2009; and Thysanoessa spp., De Robertis et al., 2010) in the North Pacific, which
have AMVBS (120-33) values greater than 10 dB. The 120 kHz data were used to assign backscatter values
to macrozooplankton cells, while “fish” cells were assigned a -999 dB value which is equivalent to 0 in
the linear domain. A -80 dB data threshold was applied to the 120 kHz data prior to export of the

macrozooplankton category (cf. Ressler et al., 2012).
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Layer detection

The 38 kHz data were used to classify the 20 ping x 3 m “fish” cells to all other backscatter categories
(Fig. 2). To classify “fish” cells, 20 ping x 3 m cells were re-assigned 38 kHz backscatter values at the
original measurement resolution of 1 ping (horizontal) by 0.187 m (vertical). Macrozooplankton cells
were assigned a -999 dB value (i.e. 0 in the linear domain). Acoustic backscatter associated with surface
and mesopelagic layers within the water column were identified using the “schools detection” SHAPES
algorithm in Echoview (Barange, 1994; Coetzee, 2000). Detection parameter values included: 300 m
minimum total length and maximum horizontal linking distance; 10 m minimum candidate length; and 5
m minimum total school height, minimum candidate height, and maximum vertical linking distance. To
detect schools as continuous layers, a -90 dB data threshold was applied to backscatter within the upper
50 m (classified as surface layer) and a -80 dB threshold was applied to backscatter between a depth
range of 150 to 500 m (mesopelagic layer). When a continuous layer extended beyond these depth
boundaries, the school detection depth range was extended to include the layer. Backscatter located
between 250 to 500 m and not associated with a layer (e.g. dense aggregations at shelf breaks) were
classified as unknown due to a lack of midwater trawl samples below 250 m. A -75 dB threshold was
applied to the surface and mesopelagic categories prior to export to include weak scatterers associated
with each group, such as jellyfish in the surface layer (De Robertis and Taylor, 2014) and mesopelagic
fish lacking gas-filled swimbladders (Davison, 2011). Surface and mesopelagic layers were then removed
(i.e. masked) from 38 kHz data by reassigning backscatter in classified cells a -999 dB value (i.e. 0 in the

linear domain).

Discriminating aggregations

10
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All remaining backscatter was classified using trawl samples associated with homogenous echogram
patterns (Fig. 2). Backscatter observed during trawls in which one classification category accounted for
at least 90% of the catch (by number; Table 3) was treated as a characteristic echogram pattern for
subsequent visual classification of that category. Distinguishing characteristics for echogram patterns
associated with a particular category included, but were not limited to: aggregation shape, acoustic
density, vertical position, bottom depth, and proximity to other characteristic patterns. A -67 dB data
threshold was applied to exclude weak scatterers (e.g. jellyfish and macrozooplankton) from fish
backscatter (De Robertis and Taylor, 2014; Parker-Stetter et al., 2013). Analysis regions were created
and classified to single species categories (capelin and herring) when similar echogram patterns were
observed in the acoustic data. Echogram patterns associated with trawl samples comprised of multiple
forage fish species or overlapping patterns of two or more categories were classified as mixed categories
(e.g. forage fish mix, forage fish/piscivore mix). Other backscatter patterns that were not sampled by
trawls were classified as unknown. Analysis regions for capelin, herring, forage fish mix, forage fish /
piscivores mix, and unknown backscatter were then masked and backscatter in these cells were

assigned a -999 dB value prior to proceeding to the final classification step.

Depth stratification

Analysis regions for age-0 pollock and piscivores were stratified by depth (Fig. 2). Trawl data for age-0
pollock and piscivores during the summer 2013 survey indicated that the two categories were vertically
separated above/below 100 m across most of the CGOA and EGOA. An editable line was initially set at
100 m depth, and then adjusted in areas where trawl samples indicated a change in vertical distribution
(e.g. shallow waters inside the 100 m isobath) of age-0 pollock or piscivores. All remaining backscatter
between 10 m and the edited 100 m line was classified as age-0 pollock. Backscatter between the

edited 100 m line and either a depth of 250 m or the bottom exclusion line, whichever was shallower,

11
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was classified as piscivores. Although age-0 pollock were infrequently observed in all 2011 and fall 2013
surveys, the edited 100 m line was used as the upper boundary for piscivore analysis regions in all
surveys. When age-0 pollock were absent, backscatter above the edited 100 m line that was not

assigned to other categories was classified as unknown.

Along-transect estimates of acoustic density (nautical area scattering coefficient, s, m? nmi?,
MaclLennan et al., 2002) for each fish classification category (Table 2, Fig. 2) were calculated by
integrating backscatter through the water column from the surface exclusion line (i.e. Northwest
Explorer = 10 m; Oscar Dyson = 15 m) to 250 m in 200 m horizontal bins. Mesopelagic and unknown
backscatter were integrated to a maximum depth of 500 m. At the 200 m horizontal resolution, each
bin contained a minimum of 5 pings when the echosounder was operated at the slowest pulse rate of 1

ping per 7 seconds.

2.4 Identifying Scales of Variability

The choice of horizontal resolution to characterize distributions of age-0 pollock, capelin, herring, and
mesopelagic backscatter categories (collectively referred to as forage fish categories) was determined by
identifying scales that maximize variability in distributions of acoustic density, sa. A wavelet analysis was
conducted to quantify significant scales of variability along individual transects for each forage fish
backscatter category by survey (e.g. Grados et al., 2012). Background information describing how
wavelet analysis was used is provided as supplementary material (S.1). The frequency of occurrence of
significant scales was summed across transects for each forage fish category during all surveys to
determine the smallest scale that was most prevalent among all forage fish categories. Acoustic density
estimates, s, for each forage fish category were then horizontally binned at this resolution and

exported using the same data thresholds as the original data exports (section 2.3).

12
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Computation of wavelet functions and significance testing was completed in Matlab v8.1.0.604 (The
MathWorks Inc) using an adapted Matlab package provided by C. Torrence and G. Compo
(http://paos.colorado.edu/research/wavelets/). Wavelet plots and summary of wavelet outputs were
completed in R v3.1.2 (The R Foundation) using the “biwavelet” package (version 0.17.5) provided by T.

Goubhier and A. Grinsted (http://github.com/tgouhier/biwavelet).

2.5 Forage Fish Distributions

For each forage fish category, changes in acoustic density, sa, were quantified by region (CGOA/EGOA),
season (summer/fall), and year (2011/2013). Acoustic density estimates were binned at the spatial
resolution identified by the wavelet analysis (section 2.4, referred to as analysis resolution). A
preliminary analysis examined differences in mean density relative to distance from shore and by
bottom depth (Supplementary material, S.2), to account for differences in survey design between the
GOAIERP stations (systematic, fixed distance from shore) and acoustic measurements (continuous
sampling across bathymetric gradients). This analysis indicated that densities for all forage fish
categories were strongly correlated with bottom depth, and that comparisons between regions and
years that were based on distance from shore were confounded by regional differences in shelf width

and the extension of the EGOA grid further offshore in 2013 (Fig. 1).

Based on the preliminary analysis results (S.2), spatial and temporal changes in forage fish density and
vertical distribution were examined relative to bottom depth only where fish were present (i.e. sa >0,
referred to as nonzero density) (Bez and Rivoirard, 2001; Woillez et al., 2007). This approach accounts
for limitations in survey design, where the frequency of zero density values in a sample is sensitive to

changes in the extent of the survey domain (Table 1 and Fig. 1), and acoustic classification (i.e.

13
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backscatter assigned to the forage fish mix, forage fish/piscivore mix, or unknown categories). To
summarize differences in horizontal distribution by bottom depth, nonzero densities of forage fish were
averaged between isobaths (bottom depth ranges for isobath groups: < 100 m, 100-199 m, 200-499 m,
500-999 m, 1,000-1,999 m, and > 2,000 m). Vertical distributions for each forage fish category were
similarly summarized between isobaths. Estimates of sa for each forage fish category were exported in 1
m vertical depth layers. The mean vertical location, or center of mass (CM) in the water column within
each acoustic bin, was derived following Urmy et al. (2012) , in which a weighted mean of volumetric
density (sv, m?) was calculated from all depth layers using Python v2.7 (Python Software Foundation).
CM values for each forage fish category were averaged by isobath group to quantify changes in vertical

distribution relative to bottom depth.

Notched boxplots and pairwise comparisons were used to quantify differences in forage fish density and
vertical distributions between isobath groups and surveys (Chambers et al., 1983; McGill et al., 1978).
Notches that do not overlap are considered significantly different at the 95% confidence level. Multiple
two-sample comparisons were conducted within each classification category using the Wilcoxon rank-
sum test (Zar, 2010) to measure differences in median nonzero density and CM between isobath groups
and surveys. A two-tailed null hypothesis, that each set of medians were equal, was tested at a = 0.05

significance level. Samples with less than 30 observations were not tested.

3. RESULTS
3.1 Sampling
A total of 83 midwater trawls were conducted, with 41 in 2011 and 42 in 2013 (Table 3). Among these

samples, 47 trawls (19 in 2011 and 28 in 2013) contained one backscatter category that accounted for at

14
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least 90% of the catch (by number) (Table 3). These samples were used as representative echogram
patterns for classification of backscatter categories (Table 2). Of the 382 surface trawl samples

collected, 16 trawls (4 in 2011 and 12 in 2013) were also used to classify acoustic data (Table 3).

Acoustic classification

Total backscatter was 4 to 12 times higher in 2013 than in 2011 in both seasons and regions (Fig. 3A).
Classification of acoustic backscatter is summarized for each survey by the proportion of total
backscatter assigned to each category from all samples (sa1) and in waters less than 500 m bottom
depth (sa1<so0) in (Fig. 3B). The surface layer accounted for less than 12 % of total backscatter in all
surveys. The mesopelagic layer accounted for the largest proportion of total backscatter in 3 of 4 EGOA
surveys (> 66 % sa 1, not including fall 2011), and a relatively large fraction of backscatter in the CGOA
(range 22 to 34 % sa 1, not including fall 2013). Changes in mesopelagic density should be interpreted
with caution as observed changes may be biased by species-specific and ontogenetic differences in
scattering properties among mesopelagic fish and invertebrates (Davison, 2011; Davison et al., 2015).
The piscivores category accounted for a high proportion of total backscatter during all surveys in the
CGOA (29 to 40 % sa 1) and over the shelf in the EGOA (18 to 56 % sa1<s00). Backscatter was only
assigned to the age-0 pollock category in summer 2013, accounting for less than 6 % sa1. Backscatter
was only assigned to the herring category in both EGOA fall surveys, with discrete aggregations observed
in less than 5 % of total samples (i.e. 200 m acoustic bins) in 2011 (n = 109) and less than 1 % of samples
in 2013 (n =20). Backscatter was only assigned to the capelin category in the CGOA, accounting for 14 to
37 % sat<soo over the shelf. Backscatter was assigned to the forage fish mix category in the fall 2013
EGOA (12 % sa1<s00) and both CGOA fall surveys (<1 % and 10 % sa1<soo, in 2011 and 2013). The forage
fish/piscivores mix category accounted for a small fraction of total backscatter over the shelf among all

surveys (< 6 % sat<so0). Backscatter that was classified as unknown varied widely among surveys (1.4 to
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51% sa7). Distribution maps of acoustic density, sa, for each backscatter category in 200 m horizontal

bins are available in the GOAIERP Middle Trophic Level final report (Ormseth et al. 2016).

3.2 Scales of Variability

Significant periods were detected in all forage fish distributions (i.e. age-0 pollock, capelin, herring, and
mesopelagic backscatter categories), indicating spatial structure across a range of scales (Fig. 4). The
occurrence of significant periods at scales less than 4 km (i.e. fine) was more frequent among transects
and surveys for each species group than the occurrence of significant periods at scales greater than 8 km
(i.e. coarse). Herring had the fewest (n=5) and narrowest range of significant periods (0.41 to 0.55 km),
likely reflecting the limited number of discrete, monospecific schools observed during all surveys.
Distributions of age-0 pollock and capelin had similar distinct modes of fine- (pollock = 0.41 to 1.34 km,
capelin = 0.41 to 3.54 km) and coarse-scale structure (pollock = 14.17 to 60.76 km, capelin = 8.14 to
60.76 km). The bimodal peaks in distribution scales likely corresponded to aggregations of fish schools
(fine-scales), and the width of submarine banks in the CGOA and the EGOA shelf (coarse-scales).
Significant periods of mesopelagic distribution scales occurred between 0.41 to 11.51 km, which are
consistent with observed chord distances of high density shoals within the mesopelagic layer. There
was higher spatial and temporal variability in significant periods in mesopelagic distributions, resulting in

a broader range of significant periods compared to age-0 pollock and capelin distributions (Fig. 4).

The significant period most prevalent across transects and surveys for all forage fish categories ranged
from 0.44 to 0.55 km (38% of transects with herring were significant at 0.44km; 83% with age-0 pollock
and 85% with capelin at 0.51 km; 52% with mesopelagics at 0.55 km). Therefore, a resolution of 0.5 km

was selected for analysis of all forage fish distributions.
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3.3 Forage Fish Distributions

Changes in species composition and distribution of forage fish communities were observed between
years, seasons, and regions. Inthe CGOA (Fig. 5), the forage fish community was primarily comprised of
capelin over the shelf and mesopelagics beyond the shelf break in both years. Age-0 pollock were
abundant across the shelf in summer 2013, but rarely observed during other CGOA surveys. A low
density, mixed aggregation of age-0 pollock and capelin at the northwest end of the 201 and 205
transects (Fig. 1) in fall 2011 was the only observed concentration of age-0 pollock verified by trawl
samplesin 2011. Herring aggregations were not observed in midwater trawl catches in the CGOA.
Infrequent, surface trawl catches of small numbers of herring (< 10 fish per trawl) were the only

indication of their presence (Moss et al., 2016).

In the EGOA (Fig. 6), mesopelagics were the only forage fish group consistently present in summer and
fall of both years. Age-0 pollock were distributed over shelf, slope, and basin waters in summer 2013,
but were rare in the fall and throughout 2011. A small number of age-0 pollock were caught in
midwater trawls off nearshore stations on the M transect (Fig. 1), mixed with other forage fish species in
fall 2013. Herring aggregations were observed during fall surveys, both in dense monospecific or mixed
aggregations with other forage and/or piscivorous fish (e.g. adult pollock, rockfish). Herring were
primarily distributed over the shelf or within the Yakobi Sea Valley off Cross Sound (Fig. 1). A herring
aggregation was also observed over slope waters within the mesopelagic layer. Summer observations of
herring were rare in both years, limited to a small number of fish caught in surface trawls over the shelf.
Capelin observations were not frequently observed in the EGOA. In summer 2011, capelin occurred in a
mixed aggregation along with longfin smelt (Spirinchus thaleichthys) and pollock (= 305 mm in length)
within the Yakobi Sea Valley on the L transect (Fig. 1). In fall 2013, high density aggregations of capelin

co-occurred with herring over the shelf northwest of the Yakobi Sea Valley on the M transect. Even
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though capelin did not occur in midwater or surface trawl catches in summer 2013, capelin were
observed in the stomachs of Chinook (Oncorhynchus tshawytscha) and coho (Oncorhynchus kisutch)
salmon collected from the surface trawl at the nearshore station on the M transect (E. Fergusson

unpublished data).

Horizontal distributions of nonzero fish density relative to bathymetry

In 5 of the 7 surveys, nonzero densities of mesopelagics were positively correlated with bottom depth
(Fig.7). With the exception of the EGOA fall 2011 and summer 2013 distributions, mesopelagic nonzero
densities were lowest between the 200 and 500 m isobaths, and then increased over deeper water
before stabilizing (Wilcoxon rank-sum, a = 0.05 two-tailed, Table S.1). Median nonzero densities of
mesopelagics were significantly higher during 2013 within each isobath group (Wilcoxon rank-sum, a =
0.05 two-tailed, Table S.2), with peak mesopelagic density observed in fall 2013 over bottom depths

greater than 1000 m (median sa = 1522 m? nmi2) in the EGOA.

Nonzero densities of capelin, age-0 pollock, and herring were typically higher over shallow, shelf waters,
declining over deeper water beyond the shelf break outside the 500 m isobath (Fig. 7). Over the shelf,
median nonzero densities of capelin were significantly higher inside the 100 m isobath in summer of
both years (Table S.1), with the peak capelin density (median sa = 411 m? nmi) occurring in summer
2013 (Table S.2). In fall, capelin nonzero density inside the 100 m isobath significantly declined from
summer maxima to similar levels in fall of both years. Density increased from summer to fall in 2011
within the 100 to 200 m isobaths (W = 2025, nycoa11, 100-200m = 71, Nacoa11, 100-200m = 89, P < 0.05), to levels
higher than those observed in shallower waters (W = 9748, nscoa11, <100m = 271, Nacoai1, 100-200m = 89, P <
0.05). Median nonzero density of age-0 pollock inside the 100 m isobath (median sa = 22 m? nmi2) was

also significantly higher compared to all other isobath groups in the CGOA (median sa < 5.2 m? nmi?,
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Table S.1). In the EGOA, peak age-0 pollock nonzero densities (median sa = 33 m? nmi) occurred over a
broader range of bottom depths inside 500 m (Table S.1). Outside the 100 m isobath, median nonzero
densities of age-0 pollock in the EGOA were significantly higher than in the CGOA within each isobath
group (Table S.2). No statistical comparisons of median nonzero density of herring across depths or

between years were attempted due to small sample sizes (n < 30) in 4 of 5 isobath groups (Table S.1).

Vertical distributions of fish relative to bathymetry

Significant differences in the center of mass (CM) of capelin and age-0 pollock (Fig. 7) were observed
within and between species (Wilcoxon rank-sum, a = 0.05 two-tailed, Table S.3 and Table S.4). The
median CM of capelin inside the 100 m isobath (median CM = 55 m) was significantly shallower than
outside 100 m (median CM = 110 m) in summer 2013, and in both seasons in 2011 (Table S.3). There
were no significant differences in capelin CM within isobath groups between years and seasons, with the
exception of summer 2013 and fall 2011 within 100 to 200 m (W = 5979, nacoa13z = 173, Nacoa11 = 89, P <
0.05) and inside 100 m in fall 2013 with the other CGOA surveys (Table S.4). Compared to capelin, age-0
pollock in the CGOA were consistently located shallower in the water column within all isobath groups
(Fig. 7). The median CM of age-0 pollock between the 100 and 200 m isobaths (median CM = 44 m) was
significantly deeper compared to both inside the 100 m isobath (median CM =31 m) (W = 210,693,
Na6oa13,<100m = 860, N2Goa13, 100-200m = 1016, P < 0.05) and between the 200 and 500 m isobaths (median CM
=33 m) (W = 251,169, n2coa13,100-200m = 1016, N2Goa13, 200-s00m = 365, P < 0.05). Outside the 500 m isobath,
age-0 pollock CM was more variable compared to observations over the shelf, with a 1%t and 3rd quartile

depth range of 13 to 93 m (Fig. 7).

Vertical distributions of age-0 pollock also differed between regions. In the EGOA, the median CM of

age-0 pollock was significantly deeper within each isobath group than in the CGOA between the 100 to
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2000 m isobaths (Table S.4). The vertical position of age-0 pollock in the EGOA was deepest between
the 200 to 1000 m isobaths at median CM depths of 73 and 82 m (W = 5700, nicoa1s, 200-s00m = 153,
N1Goa13,500-1,000m = 82, P = 0.25), and significantly shallower both over the shelf between the 100 and 200
m isobaths (median CM =59 m) (W = 15,267, N1coa13,100-200m = 332, N1Goa13, 200-s0om = 153, P < 0.05) and
beyond the 1000 and 2000 m isobaths (median CM depth < 65 m) (W = 10,571, nicoa13,500-1,000m = 82,

N160A13, 1,000-2,000m = 218, P < 0.05).

Vertical distributions of mesopelagics varied seasonally and regionally between a CM interquartile range
of 241 to 336 m depth in the CGOA, and 214 to 405 m in the EGOA (Fig. 7). Mesopelagics within the

Yakobi Sea Valley were as shallow as 125 m.

Vertical distributions of herring within the 100 to 200 m isobaths were similar between years (median
CM =111 and 112 m). Although sample sizes were too small for statistical comparison, the median CM
decreased from 158 to 172 m between the 200 to 1000 m isobaths in fall 2011. Between the 1000 and
2000 m isobaths, discrete herring schools were located at a median CM of 165 m within the mesopelagic
layer. The midwater trawl that collected these samples was paired with a surface trawl in which no
herring were caught, making it unlikely that herring in the midwater sample were caught near the

surface as the net was deployed or recovered.

4. DISCUSSION
Recognizing that changes in the availability of forage fish as prey may impact predators of commercial
and/or ecological importance (Livingston et al., 2005), an ecosystem-based approach in fisheries

management requires an understanding of how distributions of forage fish biomass vary in time and
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space. In this study, we observed variability in species composition and distributions of forage fish in
the GOA between years, seasons, and regions. The forage fish community in 2011 was characterized by
the absence of age-0 pollock and lower densities of capelin, herring, and mesopelagics, compared to
observations in 2013. Age-0 pollock were abundant across both regions in summer 2013, but were
rarely observed in fall. In contrast, summer observations of herring were rare, while aggregations of
herring were observed over the EGOA shelf in fall of both years. Observed seasonal changes in
community composition are attributed to the transport of age-0 pollock from offshore waters in
summer to nearshore waters in fall, and to immigration of herring to the EGOA shelf in fall. Forage fish
distribution patterns varied within and between regions due to intra- and interspecific differences in
horizontal and vertical distributions that were correlated with bottom depth. Observed spatial and
temporal variability in the species composition and distributions of forage fish likely resulted in reduced
foraging opportunities for predators in 2011 compared to 2013. Differences in forage fish distribution
patterns between species may also impact surveys attempting to monitor changes in forage fish

abundance and distribution.

4.1 Characterization of Forage Fish Community Composition and Distribution Patterns

4.1.1 Variability between years

Observed differences in forage fish density between 2011 and 2013, including higher densities of capelin
in 2013 and the lack of age-0 pollock in 2011, were also detected by other GOA resource assessment
surveys. The National Marine Fisheries Service (NMFS) Alaska Fisheries Science Center’s (AFSC) GOA
bottom trawl survey estimated higher capelin abundance in 2013 compared to 2011, which was the
second highest recorded in the survey since 1984 (Ormseth, 2014). Ichthyoplankton surveys conducted
in spring of both years as part of the GOAIERP also measured significantly lower abundances of pollock

eggs and larvae in 2011 (Siddon et al., 2016). In the AFSC’s late summer midwater trawl survey, age-0
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pollock catch-per-unit-effort (CPUE) in 2013 was the highest observed since 2005, while CPUE in 2011
was among the lowest (NPFMC, 2013). A small-mesh demersal survey, conducted by NMFS and the
Alaska Department of Fish and Game (ADFG) in nearshore bays around Kodiak and along the Alaska
Peninsula coastline in the western GOA, also recorded the highest CPUEs for juvenile pollock (< 20 cm)

in 2013 since 1979 (NPFMC, 2014), while CPUE in 2011 was below average (NPFMC, 2012).

Recent annual stock assessments have shown that the pronounced difference in age-0 pollock
abundance in 2011 and 2013 was reduced in subsequent measurements of year class strength. Each
cohort was initially sampled as age-1's in winter by the AFSC’s Shelikof Strait acoustic-trawl survey, with
much fewer age-1 pollock observed from the 2011 cohort in 2012 (95 million fish) compared to age-1's
from the 2013 cohort in the 2014 survey (576 million fish) (Dorn et al., 2014). Updates to the
assessment model continue to estimate the 2011 cohort as among the smallest year classes observed
since the early 1970s (Dorn et al., 2015). In contrast, abundance estimates for the 2013 cohort have
been lowered each year and the relative year class strength is average to below average (Dorn et al.,
2015). These observations indicate that high age-0 pollock abundance in summer does not necessarily
persist to subsequent life stages, as has been previously documented in the eastern Bering Sea (EBS)

(Hunt et al., 2011).

The lack of age-0 pollock in 2011 has been attributed to high mortality experienced between the larval
and age-0 stages, likely due to insufficient zooplankton prey (Moss et al., 2016). The spring bloom in
2011 was relatively weak, with anomalously low chlorophyll levels (Stabeno et al., 2015). Phytoplankton
biomass was much lower in 2011 and was dominated by small-cell picophytoplankton that are less
efficient at transferring energy to zooplankton compared to larger-cell diatoms that were more

abundant in 2013 (Strom et al., 2015). The weak bloom and low phytoplankton biomass in 2011,
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combined with a high abundance of salps in spring and summer (Li et al., 2016), are believed to have
resulted in lower abundances of small copepods in spring and large copepods in summer 2011 relative
to 2013 (Hopcroft et al., 2016). It is unknown what factors led to lower densities of other forage fish

speciesin 2011.

4.1.2 Variability between seasons

In 2013, change in age-0 pollock abundance shifted the seasonal composition of the GOA forage fish
community. Pollock were distributed across both regions in summer, but were rare in fall and only
observed near coastal areas off Cross Sound in the EGOA. The shift in age-0 pollock abundance is
consistent with transport from offshore to nearshore waters (Brodeur and Wilson, 1996a; Hinckley et
al., 1991; Moss et al., 2016; Parada et al., 2015) in late-summer/early-fall. Presence within coastal
embayments could not be verified during fall 2013 (Ormseth et al., 2016). Alternative explanations for
the lack of age-0 pollock in fall 2013 include: settlement within the study area (Moss et al., 2016);

transport outside the study area (Parada et al., 2015); or high mortality.

In contrast to the seasonal inshore movement of age-0 pollock, the occurrence of herring over the EGOA
shelf in fall of both years suggests herring migrate from inshore waters and embayments in summer
(Ormseth et al., 2016) to offshore overwintering grounds. Herring have been extensively monitored
within Alaska state waters (< 3 nmi from shore) by ADFG (e.g. Hebert, 2014; Hollowell et al., 2015), yet
Information on herring distributions over the EGOA shelf is lacking. Previous studies have reported that
herring descend to deeper waters in fall once the water column destratifies (Carlson, 1980; Csepp et al.,
2011; Sigler and Csepp, 2007). Similarly, herring in the EBS feed over the shelf in summer and
overwinter offshore over deeper waters near the Pribilof Islands (Funk, 1990). Some populations of

Atlantic herring (Clupea harengus) in the western Atlantic, Iceland, and North Sea also migrate to deeper
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coastal waters or over the shelf to overwinter (Hay et al., 2001). Observations of herring within the
mesopelagic layer in fall 2011 trawl samples suggests that they are not limited to the shelf, and opens

the possibility that a portion of the population may overwinter over the EGOA slope.

The presence of dense aggregations of capelin in summer and fall over the CGOA shelf in both years
suggests a non-migratory distribution. Since the 1980s, AFSC bottom trawl catches of capelin over the
Kodiak shelf have higher CPUEs than other areas of the GOA (Ormseth, 2014), suggesting that capelin
may consistently aggregate over the CGOA shelf in summer and fall. The AFSC’s GOA pollock acoustic-
trawl stock assessment survey (hereafter pollock AT survey) has also estimated capelin abundance in
summer 2003, 2005, 2011, and 2013; each year capelin aggregations were similarly concentrated east of
Kodiak Island (Guttormsen and Yasenak, 2007; Jones et al., 2015, 2014). The length frequency
distribution of capelin caught in this study and the GOA pollock AT survey (Guttormsen and Yasenak,
2007; Jones et al., 2015, 2014) indicates that these fish were primarily immature age-1 and age-2 fish
(cf. Brown, 2002). If capelin in the Northeast Pacific behave consistently with capelin in the Northwest
Atlantic, Iceland, and Barents Sea (Carscadden et al., 2013b), then we hypothesize that the CGOA shelf
east of Kodiak island serves as a summer feeding area for immature age-1 and -2 fish. Capelin are
predicted to remain offshore over the GOA shelf until they mature at age-2 or -3, and then migrate to

coastal waters to spawn near beaches in late spring and early summer (Brown, 2002; Pahlke, 1985).

4.1.3 Spatial variability

Forage fish distribution patterns reflect intra- and interspecific differences in spatial distributions within
and between regions. In the CGOA, the highest capelin and age-0 pollock densities occurred inside the
100 m isobath over Albatross and Portlock Banks. Spatial separation between these species was

apparent over each bank; capelin concentrated along bank/trough edges while age-0 pollock were more
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widely distributed from the edges to the shallower tops of both banks. Aggregations of capelin located
along edges of Albatross and Portlock Banks were also observed during the pollock AT survey in summer
2003 and 2013 (Guttormsen and Yasenak, 2007; Jones et al., 2014). Vertical separation between capelin
and age-0 pollock was common over both banks and troughs, with capelin consistently deeper.
Variability in the distribution of capelin and age-0 pollock in this and other studies suggests that both
species are sensitive to changes in the environment. Spatial separation between these species may be
indicative of interspecific differences in habitat preferences, prey resource utilization, and/or predator
avoidance (e.g. Logerwell et al., 2010; Wilson et al., 2006). Changes in distributions of capelin and age-0
pollock over the Kodiak shelf and in the western GOA have been attributed to oceanographic conditions
and the location of water masses (Hollowed et al., 2007; Logerwell et al., 2007), areas of relatively weak
currents (Wilson, 2009), and the composition and distribution of zooplankton prey (Logerwell et al.,
2010; Wilson et al., 2006). Although capelin and age-0 pollock have been hypothesized to potentially
compete for shared prey resources (Logerwell et al., 2010; Wilson et al., 2006), vertical distributions of
capelin in summer were not different in 2011 when pollock were absent, compared to 2013 when

pollock were abundant.

Even though capelin were the dominant forage fish species over the CGOA shelf in summer and fall of
both years, observations of capelin in the EGOA were rare and only occurred in summer 2011 and fall
2013. The limited observations of capelin in the EGOA are potentially due to bathymetric and
oceanographic differences between the two regions. The narrow EGOA shelf is much deeper than the
shallow banks and troughs that penetrate the broad CGOA shelf where capelin densities were highest.
Aggregations of capelin were observed within the Yakobi Sea Valley in summer 2011 and over the
relatively shallow shelf, northwest of Cross Sound in fall 2013. This area receives mixed, nutrient-rich

waters from Cross Sound (Stabeno et al., 2015). North of Cross Sound, capelin distributions within
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Glacier Bay have been associated with areas near tidewater glaciers that are relatively cooler, more
turbid, have higher dissolved oxygen, and lower chlorophyll concentrations (Arimitsu et al., 2008). The
frequent occurrence of capelin in diets of rhinoceros auklets (Cerorhinca monocerata) sampled at St.
Lazaria Island in 2011 and 2013 (Slater and Fety, 2015) suggests that capelin were present in the region,

but likely distributed inshore or to the north of the study area.

Compared to distribution patterns in the CGOA, age-0 pollock in the EGOA were concentrated in higher
densities closer to shore near the shelf break or within the Yakobi Sea Valley. The vertical distribution of
age-0 pollock in the EGOA was significantly deeper than in the CGOA out to the 1000 m isobath,
occupying maximum depths of 125 m. This maximum depth falls within the depth range reported for
age-0 pollock in summer and fall in the Northeast Pacific (Bailey, 1989; Brodeur and Wilson, 1996b;
Parker-Stetter et al., 2015). Variability in vertical distributions of age-0 pollock were associated with
bottom depth in this study, often occurring over relatively short horizontal distances due to strong
bathymetric gradients in both regions. Variability in vertical position may serve an important role in
transport of age-0 pollock over 100s of km to nearshore nursery areas (Smart et al., 2013). The
horizontal movement of fish located above the pycnocline would be more susceptible to wind-forced
circulation, while subsurface currents would have a greater impact on the trajectory of fish occupying

deeper waters (Duffy-Anderson et al., 2015).

Mesopelagics in the EGOA were also distributed relatively close to shore compared to distributions in
the CGOA, and occasionally at relatively shallow depths of 125 m within the Yakobi Sea Valley. Catches
of myctophids in the AFSC bottom trawl survey have also typically occurred off the Yakobi Sea Valley,
near the southern tip of Baranof Island, and near the shelf break off Kayak Island and Yakutat (Ormseth,

2014). The relatively close proximity (< 20 km) of mesopelagics to the EGOA coast and shallow vertical
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distribution within the Yakobi Sea Valley may provide an important energy source to coastal piscivores
(e.g. Robards et al., 2003; Slater and Fety, 2015) given the high energy density and lipid content of

mesopelagic species (Van Pelt et al., 1997; Vollenweider et al., 2011).

4.2 Potential Impact of Forage Fish Variability on Predators

The absence of age-0 pollock and lower acoustic densities of all other forage fish species in 2011
suggests that foraging opportunities for piscivorous predators in the GOA were less favorable compared
to 2013. The anomalously weak spring bloom, observed differences in phytoplankton community
composition (Stabeno et al., 2015; Strom et al., 2015), and lower mesozooplankton biomass (Hopcroft et
al., 2016) suggest that poor foraging conditions persisted from spring through fall in 2011. Prey
compositions estimated from tufted puffin (Fratercula cirrhata) and common murre (Uria aalge) bill-
loads at East Amatuli Island during summer breeding season surveys in 2011 differed from those in 1995
to 2014 (Kettle et al., 2015). Capelin were present as prey items in all years, while gadids were absent
from seabird diets in 3 (puffin) and 5 (murre) of the years, including 2011 for both species (Kettle et al.,
2015). Seabird recruitment failures were observed across the GOA in 2011 (NPFMC, 2012). In contrast
to 2011, higher forage fish densities, and high summer abundance of age-0 pollock observed in this and
other surveys, likely increased predator foraging opportunities in 2013. At East Amatuli Island, age-0
pollock were the dominant prey item in puffin chick diets in 2013, accounting for 72% of the total
number of sampled prey items (Kettle et al., 2015). The diet shift coincided with higher mean growth in
puffin chicks, with daily mass gain increasing from 4.7 g din 2011 t0 9.6 gdin 2013 (Kettle et al.,
2015). Across the western GOA, seabird production was categorized as good or above average for most

monitored species in 2013 (NPFMC, 2014).
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In 2011, foraging predators may have required greater energy expenditures to locate and capture prey
compared to 2013. Densities of capelin, herring, and mesopelagics were all significantly lower in 2011
compared to 2013, potentially affecting the foraging success of predators that are sensitive to local prey
density (e.g. Benoit-Bird et al., 2013). Piatt et al. (2007) demonstrated that the allocation of time spent
foraging and incubating chicks by common murres, and the breeding success of black-legged kittiwakes
(Rissa tridactyla) exhibited strong non-linear relationships with prey density. In addition, age-0 pollock
were observed at shallower depths than most other forage fish species in summer 2013, with juvenile
salmon in the surface layer being the one notable exception. When age-0 pollock were absent, diving
and epipelagic predators would have to dive deeper to forage during daytime. Vertical shifts of prey to
greater depths reduces potential encounter rates with prey as reaction distances of visual foragers
decreases under low light (Vogel and Beauchamp, 1999). Diving and epipelagic predators are further
constrained by the vertical distribution of prey due to the physiological costs of diving and the limited
time available to search for prey per dive when swimming to greater depths (Acevedo-Gutiérrez et al.,
2002; Wilson et al., 1992). Higher energy density and lipid content among capelin, herring, and
myctophids compared to age-0 pollock (Vollenweider et al., 2011) would potentially offset some of
these increased foraging costs. Yet, widespread recruitment failures among seabirds across the GOA in

2011 indicate that the prey supply was likely insufficient (NPFMC, 2012).

4.3 Study Limitations

This study’s characterization of forage fish distributions in the two regions is potentially limited by the
absence of other known forage fish species in the GOA, classification of acoustic data to species, and the
loss of data due to logistic constraints. Juvenile salmon were not included in the analysis of GOA forage
fish. Juvenile salmon are primarily distributed in the upper 50 m of the water column (Orsi and

Wertheimer, 1995), often concentrating within 15 m of the surface (Beamish et al., 2000; Emmett et al.,
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2004; Farley et al., 2005). The shallow vertical distribution of juvenile salmon, and co-occurrence with
adult salmon and other epipelagic fish and invertebrate species, prevented acoustic estimates of salmon
to species and/or length classes in this study. This group of species was assigned to the surface
category. Juvenile salmon distribution patterns based on GOAIERP surface trawl data are described by

Moss et al. (2016).

This study’s description of GOA forage fish is also potentially limited by infrequent observations of
eulachon and the absence of Pacific sand lance (Ammodytes hexapterus) in trawl samples. But the lack
of observations for either species in this study is not attributed to selectivity of the Cantrawl net. In fall
2013, small numbers of eulachon (8 to 24 fish per trawl) were caught in 3 midwater samples. Sand lance
has also comprised 2% of non-salmonid catches (approximately 11,400 sand lance) during a fall 2002
survey (Farley et al., 2005) that sampled the EBS using the same Cantrawl net. Although known to
burrow in the bottom (Meyer et al., 1979), sand lance are primarily distributed in the water column
during daytime (Hobson, 1986), making them accessible to both the Cantrawl net and acoustic sampling

(e.g. Ostrand et al., 2005).

The lack of eulachon and sand lance observations in this study is attributed to the extent of the survey
domain. From 2007 to 2013, AFSC bottom trawl survey catches of eulachon were concentrated to the
west of the CGOA study area within the Shelikof Sea Valley, within Amatuli Trough (partially covered by
the CGOA grid), and inside Sitka Sound (Ormseth, 2014). Sand lance typically occur in shallow, coastal
and intertidal waters (Blackburn and Anderson, 1997; Haynes et al., 2008; Johnson et al., 2008). In
Prince William Sound, sand lance were caught close to shore in less than 40 m bottom depth, and were
not observed over depths greater than 60 m (Ostrand et al., 2005). Shallow waters (< 50 m) were rarely

sampled in this study, suggesting that sand lance likely occurred inshore of the survey domain.
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Offshore, AFSC bottom trawl survey catches of sand lance have historically occurred over Albatross

Bank, but sand lance were mostly absent from bottom trawl catches in 2007 to 2013 (Ormseth, 2014).

Analysis of the acoustic data was further constrained by the ability to classify observed backscatter to
species. The proportion of acoustic backscatter categorized as mixed species and/or unclassified varied
between surveys due to uncertainty in net selectivity and the lack of trawl samples. Mixed species
catches were not used to apportion backscatter by percent composition due to an inability to correct for
net selectivity (e.g. Williams et al., 2011). Logistic constraints associated with equipment failures, poor
weather, and decreased sampling time on shorter days in fall also reduced the number of trawl samples
used to verify observed echogram patterns. As a result, a higher proportion of backscatter in some
surveys was classified as unknown, limiting interpretation of observed changes in forage fish

distributions.

The U.S. government shutdown in 2013 resulted in the loss of 10 survey days in the fall CGOA survey,
limiting sampling effort to only the southern portion of the survey grid over the shelf. Only two
midwater and 10 surface trawls were conducted and 248 km of transect sampled, compared to at least
10 midwater and 37 surface trawls and 933 km sampled in the other CGOA surveys. Reduced survey
effort increased the proportion of backscatter assigned to the forage fish mix, forage fish/piscivores mix,
and unknown backscatter (10, 6, and 29 % sa 1) categories compared to other surveys. No samples were
collected over waters deeper than 500 m, preventing any meaningful coverage of mesopelagics. Limited
coverage and relatively poor resolution of the acoustic data prevented most spatial or temporal

comparisons with other GOAIERP surveys for all forage fish species.

4.4 Implications for Survey Design for Forage Fish
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Observed variability in forage fish distributions highlight timing, sample resolution and extent, and gear
selection factors that should be considered in future monitoring of the GOA forage fish community.
Design choices will differ if surveys target individual species, and compromises are required if the goal is

to survey all forage fish species in the GOA.

The optimal time to monitor interannual differences in the distribution and abundance of forage fish is
July and August. Age-0 pollock are widely distributed across the shelf and slope in summer where they
overlap with capelin and mesopelagics. A summer survey would also coincide with groundfish
assessment surveys (i.e. pollock AT survey, bottom trawl survey, and AFSC bottom-longline survey) and
breeding season surveys of seabirds (Dragoo et al., 2015) and pinnipeds (Womble et al., 2009; Womble
and Sigler, 2006). Stomach and bill-load samples are typically collected during these surveys, which are
used to characterize foraging habits and energy intake of predators (e.g. Kettle et al., 2015; Yang et al.,
2005). Temporal overlap of a dedicated forage fish survey with these long-running surveys would
quantify changes in the forage base with predator abundances, distributions, growth, prey selection,
and reproductive success. A summer survey would also be consistent with international efforts to
survey capelin populations off Iceland and in the Barents Sea when immature age-1 and -2 fish are

distributed offshore (Carscadden et al., 2013a).

Spatial distributions observed in this study can be used to delineate the spatial extent of a forage fish
survey. The relative stability of mesopelagic density within each isobath suggests that it would be
inefficient to delineate a survey grid by a fixed distance offshore; a depth-stratified survey design would
provide an estimate of relative abundance between major isobaths (e.g. 100, 200, 500, 1000 m).
Similarly, even though age-0 pollock were observed in low densities over the EGOA basin, all

aggregations were located within the 200 m isobath in the CGOA and most were within the 1000 m
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isobath in the EGOA. Extending a forage fish survey beyond the 2000 m isobath would not be an
efficient allocation of resources if the objective of the survey was to produce an index of forage fish
abundance over shelf and slope habitats. There were also specific bathymetric locations, such as CGOA
banks and the Yakobi Sea Valley, where consistent, high concentrations of forage fish highlighted the
importance of identifying specific locations or habitats where fish aggregate to increase accuracy of

biomass estimates through increased sampling effort.

Choice of survey gear and sampling resolution should ensure that forage fish are sampled through their
full vertical range at horizontal scales that maximize variability in their distributions. In this study, high
variability in the vertical distribution of age-0 pollock and capelin between isobath groups and regions
highlights the necessity of sampling the whole water column. Variance in vertically integrated,
horizontal distributions was decomposed using wavelets, which identified two modes of significant
spatial scales that were attributed to bathymetric features associated with high fish density (coarse-
scale) and aggregations of fish schools (fine-scale). To ensure that distribution patterns are detected in
discrete grid (e.g. GOAIERP stations) or a systematic transect (e.g. acoustic survey), samples should be
spaced by half the distance of the peak coarse-scale mode (i.e. the Nyquist frequency; Spellerberg,
1991). For example, the peak coarse-scale for age-0 pollock was approximately 30 km, therefore
stations and/or transects would be spaced at a resolution of 15 km or less. In contrast, capelin (peak
mode = 46 km) would be sampled by stations/transects no more than 23 km apart. Continuous
horizontal sampling (e.g. acoustics) would be necessary to sample patchy forage fish distributions that
are structured at fine-scales (<1 km). It is acknowledged that acoustic samples are constrained by
surface and bottom exclusions, discrimination of species, and determining length composition within
mixed aggregations (Simmonds and MaclLennan, 2005), but acoustic surveys typically include direct

samples such as midwater trawls. Integration of surface and midwater trawls with multifrequency
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acoustic sampling would ensure that important forage species located near the surface, such as juvenile

salmonids and herring, are also sampled.

A complete forage fish survey should also include species that were not well sampled in this study. The
lack of summer observations of herring suggests that herring are unlikely to be well sampled in an
offshore summer survey unless the survey area was extended into coastal embayments (Ormseth et al.,
2016). Toinclude eulachon, sand lance, and age-0 Pacific cod, the survey domain would need to be
expanded or additional sampling methodologies would need to be incorporated to increase the
likelihood that these species would be captured. For sand lance, this includes identifying when they
occupy pelagic waters and are available to both acoustic and trawl sampling (Freeman et al., 2004;

Greenstreet et al., 2006).

4.5 Conclusion

An ecosystem approach to fisheries management in the GOA requires accurate estimates of forage fish
abundance and distribution to track the forage base utilized by piscivorous fish, seabirds, and marine
mammals. Results from this study indicate that spatial and temporal variability observed in the species
composition and distribution of forage fish alters their availability to apex predators and monitoring
survey sampling gears. We highlight considerations for improving monitoring efforts of biomass in the
GOA, recognizing that additional efforts are needed to evaluate how the GOA forage fish community will
respond to changing climate conditions. Additional effort is needed to quantify the relative importance
of physical and biological factors that influence changes in densities and distributions of forage fish

observed in GOAIERP surveys.
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FIGURE CAPTIONS
Figure 1 — Survey domain and stations sampled in 2011 and 2013. Individual transects are labeled in
CGOA (181 to 217) and EGOA (A to M). Key geographic features are labeled in black, bathymetric

features labeled in blue.

Figure 2 — Classification procedure for acoustic backscatter data. Key steps (in boxes) correspond to
subheadings in section 2.3. Backscatter categories are bold. Note 10 m depth range minimum refers to

the Northwest Explorer. A minimum depth range of 15 m was used for the Oscar Dyson.

Figure 3 — Summary of acoustic backscatter measurements by survey. Mean density (A) for “fish” backscatter

from 38 kHz data and macrozooplankton from 120 kHz is shown for each survey, with n indicating the number of
200 m samples. The proportion of “fish” backscatter assigned to each classification category (B) is shown by
survey for all samples (left) and only samples located inside 500 m bottom depth (right). Backscatter categories
include: “PO” = age-0 pollock; “CA” = capelin; “HE” = herring; “FF” = forage fish mix; “FP” = forage fish/piscivores

mix; “MP” = mesopelagic, “SU” = surface; “PI” = piscivores; “UN” = unknown backscatter.

Figure 4 — Summary of significant periods for each forage fish category by transect identified by wavelet
analysis. Y-axis is an octave scale. For each transect, significant periods are indicated by year (gray circles
= 2011, black circles = 2013) and season (closed circles = summer, open circles = fall). Frequency
distributions (right panel) indicate peak period (dashed line) that was most prevalent across all surveys

for each category (herring values are gray).

Figure 5 — Forage fish distributions in CGOA by year and season. Acoustic densities, sa (m? nmi2), are in

500 m horizontal bins. “FF present” = forage fish mix and forage fish / piscivores mix categories.
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Figure 6 — Forage fish distributions in EGOA by year and season. Acoustic densities, sa(m? nmi?), are in

500 m horizontal bins. “FF present” = forage fish mix and forage fish / piscivores mix categories.

Figure 7 — Distributions for each forage fish category between isobaths by year, season, and region. Box
plots on left show horizontal distributions of nonzero acoustic density (sa> 0 m?nmi?) between
isobaths. Box plots on right show vertical distributions (i.e. center of mass, m) between isobaths. Box
plot notches that do not overlap indicate strong evidence of differences between medians at the 95%
confidence level. Box plots are not notched if n < 30 or during the CGOA fall 2013 survey due to limited

survey coverage of the study area.
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TABLES

Table 1 — Temporal coverage for each region (“EGOA” = eastern Gulf of Alaska; “CGOA” = central GOA) by survey.

Season (Seas): “S”=summer; “F”=fall. Survey vessel (“NWE"

Dyson), echosounders and operating frequencies, transducer input power by frequency, pulse duration (PD),

F/V Northwest Explorer; “DY” = NOAA Ship Oscar

transmit rate (TR, number of seconds between pulses), and amount of acoustic transect data (Dist, km). Transmit

rate was determined by recording depth on the NWE (1 s per 600 m).

Survey Year Seas Dates Region Vessel Echosounders Power PD TR Dist
(kHz) (w) (ms)  (s) (km)
1GOA11 2011 S 3-17 Jul EGOA NWE ES60 (38) 2000 1.024 1-7 602
2GOA11 2011 S 5-21 Aug CGOA NWE ES60 (38) 2000 1.024 1-7 1,301
3GOA11 2011 F 8-19 Sep EGOA NWE ES60 (38) 2000 1.024 1-7 435
4GOA11 2011 F 25 Sep-8 Oct CGOA NWE ES60 (38) 2000 1.024 1-7 933
1GOA13 2013 S 3-21 Jul EGOA NWE ES60 (38, 120) 2000,200 1.024 1-7 1,005
2GOA13 2013 S 6-21 Aug CGOA NWE ES60 (38, 120) 2000,200 1.024 1-7 1,288
3GOA13 2013 F 10-24 Sep EGOA NWE ES60 (38)* 2000 1.024 1-7 683
4GOA13 2013 F 24-28 Sep CGOA DY EK60 (38, 120)**  2000,500 0.512 14 248

* 120 kHz were recorded at an uncalibrated power setting and these data were not used in this study.

** EK60 data were also collected at 18, 70, and 200 kHz, but were not used in this study.
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Table 2 — Backscatter category definitions for acoustic data. Survey(s) in which backscatter was assigned to each

classification category are listed, along with the category water column depth range. Reported lengths are derived

from trawl samples, while corresponding ages are inferred from literature-based, length-age relationships.

Classification Survey Depth Acoustic Definition
*
Category 1GOALL | 2GOALL | 3GOAIL | 4GOAlL  Range Threshold
1GOA13 | 2GOA13 | 3GOA13 | 4GoA13  (m) (dB)
X X X X May include but not limited to adult
Surface 10-50 -75 and juvenile salmon, epipelagic fish,
X X X X squid, jellyfish
X X X X Comprised of myctophids (e.g.
Mesopelagic 125 -500 -75 northern lanternfish, Stenobrachius
X X X X leucopsarus) and other mesopelagics
X X X X Includes all groundfish (e.g. pollock,
Piscivores 10-250 -67 rockfish) greater than 158 mm in
X X X X length
Pollock 26 to 88 mm in length; may
Age-0 Pollock 10-125 -67 also include age-0 Pacific cod (45 to
X X 77 mm in length) in 2GOA13
X X
Capelin 10-250 -67 Capelin 54 to 204 mm in length
X X
X o . .
Herring 10— 250 67 Pacific herring 72 to 289 mm in
X length
X Includes two or more of the
Forage Fish Mix 10-250 -67 following species: capelin, herring,
X X age-0 pollock, age-0 Pacific cod **
; X X X :
Ff)rafge FISh/. 10— 250 &7 |n.C|I.'JdES at Iea'st 1 forage fish and 1
Piscivores Mix X X X piscivore species
X X X X
Unknown 10 - 500 67 All 'baclijscatter that cannot be
X X X X assigned to a category
Macrozooplankton 10— 250 -80 Primarily euphausiids, copepods,

X

X

X

and/or amphipods — 2013 only

* Minimum depth for all categories during the 4GOA13 survey is 15 m.

** Forage fish mix category may also include limited observations of other forage species such as eulachon, longfin

smelt (Spirinchus thaleichthys), surf smelt (Hypomesus pretiosus), and Pacific sandfish (Trichodon trichodon).



Manuscript Submission DSR2_D-16-00082
Variability in species composition and distribution of forage fish in the Gulf of Alaska

Table 3 — Number of trawl samples by survey and the number
of trawl samples used for acoustic backscatter classification.

“ST” = surface trawl; “MWT” = midwater trawl; “FF” = forage

fish.

Survey ST MWT
1GOA11 52 11
2GOA11 54 10
3GOA11 40 10
4GOA11 37 10
1GOA13 71 11
2GOA13 55 19
3GOA13 63 10
4GOA13 10 2
Classification 2011 2013
Cat

ategory ST MwT ST MwT
Age-0 Pollock 0 0 6 8
Capelin 3 6 2 4
Herring 1 1 1 1
FF Mix 0 3 3 2
FF/Piscivores Mix 0 6 0 6
Piscivores 0 10 0 6
Mesopelagic 0 3 0 1






