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ABSTRACT: In North Pacific marine ecosystems, Pacific capelin Mallotus catervarius are abun-
dant and ecologically important planktivorous fish in pelagic food webs. Environmentally driven
changes in their distribution and abundance can affect the availability of capelin to predators, but
there is limited information that describes how changes in ocean temperature are related to fluc-
tuations in capelin range and density. A spatiotemporal, generalized linear mixed model was used
to quantify the influence of temperature-related covariates on the occurrence and density of age-
1+ capelin over the continental shelf in the central and western Gulf of Alaska (GOA) during a
period of warm and cold years between 2000 and 2013. Variability in capelin distribution was
explained by temperature factors that vary between bathymetric zones. Capelin are predicted to
concentrate in moderately stratified waters (i.e. a temperature difference of 3 to 7°C) over shallow
banks (<100 m bottom depth) and within deeper troughs (=100 m). The optimal temperature range
for capelin occurrence and catch rates was 8 to 10°C; steep declines occurred in waters warmer
than 10.5°C. In contrast to expected northern latitudinal shifts during warm years, capelin shifted
northeastward towards the Kodiak Archipelago during the coldest study year, and interannual
variation in mean densities was not related to regional mean temperatures. Our findings demon-
strate a spatially complex response by capelin to temperature variability over the GOA shelf, and
highlight the importance of including potential differences in oceanographic properties among
bathymetric zones that may influence distributions of pelagic species.
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1. INTRODUCTION

Climate-related perturbations and long-term warm-
ing in the ocean are predicted to affect distributions
and abundances of small pelagic fishes (Hollowed et
al. 2013a) who modulate the transfer of energy from
primary producers to upper trophic species (Pikitch
et al. 2012). Capelin Mallotus spp. are important
small pelagic fishes in boreo-Arctic marine ecosys-
tems, as prey for apex predators and as a commercial
species in the Atlantic (Carscadden & Vilhjdlmsson
2002). Occurring in all oceans in the Northern Hemi-
sphere at latitudes of ~45 to 80° N (Pahlke 1985, Cars-
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cadden et al. 2013a, Logerwell et al. 2015), capelin are
distributed from the nearshore to beyond the conti-
nental shelf break. Environmentally driven changes
in distributions and densities of capelin affect their
availability as prey to piscivorous seabirds, marine
mammals, and commercially important fish species
(Carscadden & Vilhjalmsson 2002, Vilhjalmsson 2002,
Ciannelli & Bailey 2005).

Temperature variability and climate-related effects
on marine ecosystems have been indirectly and
directly associated with fluctuations in distributions
and abundances of capelin in the Pacific (Anderson &
Piatt 1999, Andrews et al. 2016), Arctic (Carscadden
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et al. 2013a, Logerwell et al. 2015), and Atlantic (Rose
2005, Carscadden et al. 2013a, Ingvaldsen & Gjosee-
ter 2013) Oceans. Despite having a wide thermal tol-
erance (-1.5 to 14°C), small changes in ocean tem-
peratures (~1°C) have been associated with changes
in capelin distributions that extend over 100s of km
(Rose 2005). Temperature has also been associated
with changes in the timing and path of migrations to
spawning areas around Iceland (Olafsdottir & Rose
2012, 2013), as well as spawn timing and the selec-
tion of spawning habitat in the Northwest Atlantic
(Carscadden et al. 1989, Nakashima & Wheeler 2002,
Davoren et al. 2012). Distributions and population
dynamics of capelin are affected by indirect effects of
temperature variability linked to changes in distribu-
tions of their predators (Hjermann et al. 2004), and to
changes in distributions, abundances, and/or species
composition of zooplankton prey (Orlova et al. 2010,
Buren et al. 2014).

To maintain thermal habitats, marine fish species
are often expected to shift their distributions towards
higher latitudes as temperatures increase (Pinsky et
al. 2013). Increases in ocean temperature have been
associated with a northward shift of capelin around
Iceland (Valdimarsson et al. 2012, Carscadden et al.
2013a), similar to observed changes in distributions
of demersal fishes in the North Sea (Perry et al. 20095).
Likewise, capelin distributions in the Barents and
Bering Seas are predicted to shift northward to the
Arctic (Huse & Ellingsen 2008, Carscadden et al.
2013a, Hollowed et al. 2013b) in response to pro-
jected increases in ocean temperatures and loss of
sea ice. In the North Pacific, empirical evidence par-
tially supports predictions of a northward shift corre-
sponding to increases in temperature. The southern
range of capelin in the epipelagic zone (<30 m) of the
eastern Bering Sea contracted from ~55° N near the
Aleutian Islands in cold years to northward of ~60° N
(see Fig. 1) in warm years (Andrews et al. 2016). Yet
at the same time, recent observations at higher lati-
tudes in the Chukchi and Beaufort seas did not indi-
cate interannual variations in capelin range and rela-
tive abundances were influenced by in situ ocean
temperatures (Logerwell et al. 2015, De Robertis et
al. 2017).

Pacific capelin Mallotus catervarius (= M. villosus,
see Mecklenburg et al. 2018), hereafter capelin, are
potentially more vulnerable to anomalous warming
events (i.e. marine heatwaves) and long-term in-
creases in ocean temperature in the Gulf of Alaska
(GOA), where movement north of 60° N is blocked by
the Alaska coastline (see Fig. 1). Reduction in capelin
abundances in the GOA have corresponded with

periods of warm water anomalies in the North
Pacific. A regime shift in the late 1970s began a de-
cadal period of warmer ocean temperatures in the
GOA (Francis et al. 1998). By the early 1980s, de-
clines in capelin catch rates in shrimp trawl surveys
within GOA coastal embayments and reductions of
capelin in diets of piscivorous seabirds and marine
mammals suggested the GOA population had col-
lapsed (Piatt & Anderson 1996, Anderson & Piatt
1999). The return of relatively cooler temperatures in
the northern GOA in the 1990s (Royer & Grosch
2006) coincided with an increase in capelin catch
rates in bottom trawl surveys and an expansion of
their distribution over the shelf (Mueter & Norcross
2002, Ormseth 2012). More recently, during the 2014
to 2016 North Pacific marine heatwave (Bond et al.
2015, Walsh et al. 2018), multiple surveys observed
abrupt declines in capelin densities over the GOA
shelf in 2015 and their occurrences in predator diets
were also greatly reduced (Zador & Yasumishii 2017,
Jones et al. 2017). It is plausible that reductions in
suitable thermal habitat may have led to distribu-
tional shifts, reduced biomass, and/or collapse of the
GOA population. While these observed changes in
relative abundance coincided with large-scale (1000s
of km) warm water anomalies, the influence of tem-
perature fluctuations on the range and density of
capelin at finer scales (10s to 100s of km) remains
poorly understood in the GOA.

Temperature is spatially variable over the GOA
shelf and not directly related to latitude due to the
GOA's complex topography and cyclonic circulation.
Numerous fjords and coastal embayments line the
GOA’s mountainous coastline, while troughs and
deep canyons occur on the shelf (Mundy 2005, Zim-
mermann & Prescott 2015). There are 2 major circu-
lation patterns in the GOA (cf. Fig. 1 in Stabeno et al.
2004): a cyclonic subarctic gyre around the deep
basin and the Alaskan Coastal Current (ACC) over
the shelf (Ladd et al. 2005, Stabeno et al. 2004,
2016a). The gyre's eastern boundary current advects
warm water northward from lower latitudes of the
Pacific along the Southeast Alaska coast (Stabeno et
al. 2016b). In the northern GOA, the flow turns south-
westward where it diverges into the ACC over the
shelf and 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). The ACC is continuous yet highly variable,
driven by cyclonic, along-shore winds and fresh-
water inputs from rivers (Royer 1982, Stabeno et al.
2004, 2016a) that are linked to climate-related atmos-
pheric and oceanographic forcing (Hermann et al.
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2016, Stabeno et al. 2016a). The distribution of water
masses and spatial patterns of temperature over the
GOA shelf are subsequently influenced by fluctua-
tions in the ACC's path and transport. As a result,
suitable thermal habitat for capelin over the GOA
shelf may not simply contract northward during peri-
ods of warm water anomalies; rather, capelin may
occupy thermal refuges in deeper water, areas with
increased upwelling or vertical mixing, or near tide-
water glaciers in coastal embayments (e.g. Arimitsu
et al. 2008, 2012).

Capelin are patchily distributed across the GOA
shelf but the core of the population is believed
to occupy the shelf south and east of the Kodiak
Archipelago (see Fig. 1) (Ormseth et al. 2016, Piatt
et al. 2018). Compared to other areas of the GOA
shelf, waters around Kodiak are highly productive
throughout summer (Waite & Mueter 2013, Stabeno
et al. 2016a) and this area may function as a summer
feeding ground for age-1+ GOA capelin (McGowan
et al. 2016). The Kodiak shelf is oceanographically
dynamic due to the interaction of the ACC with
strong tidal currents and the shelf's complex bathym-
etry (Stabeno et al. 2016a). While a majority of ACC
transport flows to the north of Kodiak down Shelikof
Strait and into the western GOA, the remaining
transport flows south along the east—southeast side of
Kodiak (cf. Fig. 15 in Stabeno et al. 2016a). There-
fore, if the availability of suitable thermal habitat
over the GOA shelf limits the range and density of
capelin, ACC-related variations in the distribution of
water masses and temperature are likely to influence
variability in capelin distribution and abundance.

We investigated responses of age-1+ capelin to
thermal changes in the GOA shelf ecosystem using
7 yr of data collected between 2000 and 2013 in late
summer. The objectives of this study were to (1)
quantify the influence of temperature on capelin dis-
tribution and abundance, (2) quantify interannual
shifts in predicted capelin distributions within and
between regions of the GOA shelf, and (3) character-
ize interannual variations in the relative abundance
of capelin during warm and cold years.

2. MATERIALS AND METHODS

2.1. Study area and survey design
This study used trawl catch and temperature
data from a net-based fisheries oceanographic sur-

vey conducted by the Ecosystems and Fisheries-
Oceanography Coordinated Investigations (EcoFOCI)

program of the National Marine Fisheries Service.
The primary objective of the EcoFOCI late-summer,
small-mesh trawl survey (hereafter EcoFOCI survey)
is to monitor the distribution and abundance of age-0
walleye pollock Gadus chalcogrammus (hereafter
pollock) prior to the onset of winter. This data has also
been used to investigate the influence of oceano-
graphic conditions and zooplankton prey resources
on variability in densities of pollock, capelin, and
other small pelagic fishes (Wilson et al. 2006, Wilson
2009). Initiated in 2000, the EcoFOCI survey has been
conducted biennially during subsequent odd years in
late summer (August—September) over the continen-
tal shelf in the western GOA (hereafter WGOA) be-
tween Shelikof Strait and the Shumagin Islands
(Fig. 1). In 2005, a second survey area was added in
the central GOA (hereafter CGOA) that sampled the
shelf along the southeast side of Kodiak Island. In
both regions, the shelf is relatively wide (>200 km)
and characterized by complex circulation patterns
and bathymetric (e.g. submarine banks, troughs) fea-
tures (Mordy et al. 2016, Stabeno et al. 2016a). Fixed
stations in a grid were occupied to sample fish com-
munities and water properties. Surveys were con-
ducted 24 h d~! by the NOAA Ships ‘Miller Freeman’
(2000 to 2009) and ‘Oscar Dyson' (2013). Of the 8 sur-
vey years available from 2000 to 2013, we only ana-
lyzed 7. The 2011 survey was excluded from the
analysis because it was conducted 1 mo later than the
other surveys and only sampled a limited portion of
the CGOA region due to logistical constraints.

2.2. Data collection

Trawl and oceanographic samples were collected
and processed following Wilson (2009). Briefly, ca-
pelin were sampled using a 47 m long Stauffer mid-
water trawl (cf. Wilson et al. 1996) with a 3 mm
codend liner, and fished using 1.5 x 2.1 m steel-V
otter doors. Trawls were towed obliquely through the
water column at a vessel speed of 1.3to 1.5m s™! (2.5
to 3 knots) to a maximum headrope depth of 20 m
above the seafloor or 200 m, whichever was shallow-
est, and retrieved at a rate of 10 m min~!. This sam-
pling depth range covers the vertical distribution of
capelin in the GOA (McGowan et al. 2016) Capelin
standard length (SL) was measured for up to 100 fish
trawl™!. Catch per unit effort (CPUE) for capelin bio-
mass density (b, g m™2) for each trawl sample was
standardized by:

D,
b=W x =max 1
x— (1
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Fig. 1. Capelin survey domain and sample locations by region (WGOA: western Gulf of Alaska; CGOA: central GOA) and bot-
tom depth factor (bank: <100 m; trough: 2100 m). Red box within inset map: survey domain. Key bathymetric (blue text) and
geographic (black text) features mentioned in the text are labeled

where W is the total catch biomass (g), Dnax is the
maximum depth of the trawl (m), and V is the water
volume filtered (m®. V was estimated using mean
trawl mouth opening (m?) and vessel distance (m)
traveled between deployment and recovery of trawl
doors. Standardization of CPUESs using Dy, as a mul-
tiplier assumes the vessel speed and net retrieval rate
remained constant.

Water temperature was measured at each station
using a Sea-Bird Electronics (SBE) 19 SeaCat con-
ductivity, temperature, depth (CTD) profiler attached
to either a 1 m? Tucker trawl (2000 to 2009) or a 60 cm
paired bongo net (2013), and deployed within 1 h of
the Stauffer trawl. At stations where the SBE 19
SeaCat was not deployed, a temperature profile was
sampled using a SBE 39 temperature-pressure re-
corder attached to the headrope of the Stauffer trawl.
Water temperature and pressure (i.e. depth) meas-
urements from the CTD and SBE 39 were used from
the up-cast of each tow, and integrated in 1 m depth
increments.

2.3. Modeling approach
A geostatistical, delta-generalized linear mixed

model (hereafter delta-GLMM) adapted from Thor-
son et al. (2015b) was used to predict capelin occur-

rence and positive catch rates (i.e. non-zero densities).
A delta (i.e. hurdle) model framework estimates oc-
currence probabilities separately from estimating catch
rates where fish were present (Maunder & Punt 2004):

1-p if B=0

pxGammai{blr,c?ro?} if B>0

Pr(B=b)= { )
where the first component of the delta model is a
logistic regression that estimates the occurrence
probability, p, of non-zero catch rates (i.e. b > 0) by
fitting a Bernoulli distribution to a binary response
B(0, 1) for b. In the second sub-model, positive catch
rates, 1, are estimated by multiplying p by a probabil-
ity density function for non-zero catch rates, where
o2 and ro? are the shape and scale parameters of the
gamma distribution, and o2 is the catch rate variance.

Following Shelton et al. (2014), the delta-GLMM
is a ‘semi-parametric' model that includes intercepts
for each year, environmental covariates, and random
effects for spatial and spatiotemporal covariance
(Table 1). Treating spatial and spatiotemporal co-
variance as random effects enables the use of a
stochastic process to represent the cumulative effect
of physical and ecological factors on capelin distribu-
tions that are not directly measured (Dormann et
al. 2007, Thorson et al. 2015c). Both spatial and spatio-
temporal covariance are represented by a Gaussian
Markov random field (GRF) as:
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Table 1. Glossary of indices, covariates, model parameters (fixed and random
effects), and estimates used in analysis of capelin density and distribution in
the Gulf of Alaska. CPUE: catch per unit effort

below). The number of spatial loca-
tions (n = 190 knots) was determined
by the total number of unique grid

] locations in the survey domain (Fig. 1)
Name Symbol (index) that were sampled during at least 2 of
Indices the 7 years in the study period. Obser-
Observation i vations that were not located within
Spatial location (i.e. knot) s 37 km (~20 nautical miles) of another
Year 3 ) ) 3 t sample from a different year were
Day—r}lght category (day: >0° solar altitude; night: <-6°) c excluded from the analysis.
Covariate k . .
Covariates Capelin catch rates were examined
Observed CPUE (i.e. capelin biomass density, g m) b(i) for potential differences between day
Covariate array X(k,st) and night samples based on prior ob-
Region factor (western and central Gulf of Alaska) Reg(s) servations of higher capelin CPUEs at
Bottom depth factor (bank: <100 m; trough: 2100 m) fBT(s) iah | 1
Standardized mean water temperature (1 to 200 m) sTemp(s,t) mg. t compared tq samples collected
Quadratic term for standardized mean water temperature sTemp?(s,t) during the day in EcoFOCI trawl
Water column stratification (Temp;y, — Tempypnm) sStrat(s, t) catches from 2000 to 2003 (Wilson
Fixed effects (occurrence / positive catch rate) 2009). Sample time of day was cate-
Intercept a(ct)/B(ct orized into day or night based on
Covariate effect o(k,c)/B(k,c) g . Y g
Loadings matrix for spatial covariation LP(c)/LE)(c) solar altitude (Table 1), calculated as
Loadings matrix for spatiotemporal covariation LP(c)/LY(c) a function of location and time using
Decorrelation rate K(p;/‘((r) the R package ‘oce’ version 0.9-21
Positive catch rate variance 6(c) e
Random effects (occurrence / positive catch rate) (https.//glthub..Corn/dankelley/oce). A
Spatial variation oP(s)/o"(s) solar altitude higher than 0° above the
Spatiotemporal variation eP(s,t)/0"(s,t) horizon was classified as day, and
Derived quantities (occurrence / positive catch rate) lower than 6° below horizon (i.e. civil
gr Oﬁ‘:’blhtyt O}fl oc;:urrence p((z)) twilight, as defined by the United
ositive catch rates r(i
Spatial covariance matrix S/ States Naval Qbservatory; http://aa.
Spatiotempora] covariance matrix Z(S};)/Z(Sft) uSnO.naVY.ml]./faq/dOCS/RST_defS.
php) was considered night. Similar to

® ~ MVN(0,X,) (3a)

g~ MVN(0,Z, ) (3b)

where MVN is a multivariate normal distribution
centered at 0, X, is a 2-dimensional spatial covari-
ance matrix of the random field for all spatial loca-
tions (i.e. knots, s) following a Matérn distribution
with smoothness v =1, and Zst is the spatiotemporal
covariance matrix in year ¢ (Thorson et al. 2015b,c).
Covariance between each pair of spatial locations is
specified to be stationary and assumed to be isotropic
(Thorson et al. 2015¢). The stochastic partial differen-
tial equation (SPDE) approximation (Lindgren et al.
2011) was used to estimate X, and X. The 3 com-
ponents of the precision matrix used in the SPDE
approximation (cf. Lindgren et al. 2011) were com-
puted within the R statistical environment (R Core
Development Team 2015) using the R package 'INLA’
(http://www.r-inla.org; Rue et al. 2009). Values from
the random fields for spatial and spatiotemporal
covariance were included as random effects in the
linear predictors to estimate p and r (described

Wilson (2009), this preliminary exam-
ination of capelin CPUEs showed patterns of higher
CPUESs in night samples for all years (for details see
Supplement 1; all 4 Supplements are available at
www.int-res.com/articles/suppl/m620p119_supp.pdi).
CPUEs from limited twilight (0 to —6°) trawl samples
(n = 29 out of 552) were highly variable and did not
show a clear association with either day or night sam-
ples, and were excluded from the analysis.

To account for diel differences in capelin catch
rates (see Supplement 1) and to maximize the num-
ber of samples included in the analysis, day and
night samples were treated as separate categories
(hereafter day—night category) within a joint model-
ing framework (hereafter multi-category, delta-
GLMM). Previous studies have adapted the delta-
GLMM framework to jointly estimate abundance
and range shifts using biomass data for multiple
length categories from a single species (Thorson et
al. 2017), and multiple species (Thorson et al. 2016).
Thorson et al. (2015a) showed that jointly estimating
the distributions of multiple rockfish species within
a spatial GLMM improved accuracy in predicted
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Diel Period
® Day
® Night

Fig. 2. Example of stations and triangulated meshes used to calculate the precision matrix from which the spatial covariance

matrices for ¥, and ¥, were derived. Day and night stations from the 2005 survey are used to demonstrate (A) the location of

spatial knots within the study area by day-night category and triangulated meshes based on (B) day and night samples,
(C) day samples only, and (D) night samples only

catches compared to modeling each species individ-
ually. Assuming that the day or night category does
not influence spatial correlations related to capelin
occurrence and positive catch rates, this study
included locations from all day and night samples in
the same triangulated mesh (i.e. a triangle vertex
located at each spatial knot; Fig. 2) that are gen-
erated in the SPDE approximation and used to cal-
culate the precision matrix from which the spatial
covariance matrices for X, and X, are derived.
Loading matrices were calculated for spatial and
spatiotemporal covariation between the day-night
categories (Thorson 2019). Parameters for fixed and
random effects and derived quantities were esti-
mated separately for each day—night category, shar-
ing only the spatial mesh and decorrelation rate, x,
that is used to calculate the geostatistical range (i.e.
the distance at which spatial correlations decline to
10%; Thorson et al. 2015b).

In the delta-GLMM's first sub-model, the p value
for sample i was estimated as:
pli)=logit™ (o (Civti)+22k:1°‘(k' )X (k,sinti) + )

LP(e) oP(si) + LP(c) eP(sity))

where o/(c;,t;) is the intercept for day—night category
cin year t for the i™ sample, o.(k,c;) is a vector of co-
efficients estimated as fixed effects of covariates k
for day—night category c, Xj(p)(k,s,-,ti) is a vector of
values for covariate combination j (described below)
at the spatial location slocated nearest to sample iin
year t, Lff)(q) and L(Ep)(c,-) are fixed effects for the load-
ings matrix generated for spatial and spatiotemporal
covariation for day-night category c, mu’)(sl-) and
el )(sj,ti) are the values of the random field for spatial

and spatiotemporal variation at location s in year ¢t
and n, is the total number of covariates in the model.

In the second sub-model, the r value for sample i
was estimated as:

, (Blesti)+ D s Bk c) X7 (K 51, 1) + (5)

r(i)=exp
Ly(c)) o)) + LY (e;)e(s;,1:)

where parameters are defined identically to those
used to calculate p in the occurrence sub-model
(Eq. 4): B represents coefficients for intercepts and
fixed effects of covariates on catch rates in the same
way as o, while fixed effects for the loading matrices
LY and LY, and random effects for spatial ®" and
spatiotemporal " variation are calculated identically
to LY LP o and &P for spatial locations where
capelin were present.

The covariate arrays Xj[p) in Eq. (4) and ij in
Eq. (5) include categorical factors and a combination
of continuous, temperature-based covariates (Table
1). The categorical factors represented survey region
Reg with 2 levels (i.e. CGOA or WGOA) and bottom
depth fBT with 2 levels (i.e. bank or trough, defined
in Table 1). Continuous covariates included in situ
water temperature Temp (the mean temperature
from the surface to 200 m or 10 m off the bottom,
whichever was shallower) and water column stratifi-
cation Strat represented by the difference between
water temperature at 1 m and at 200 m or 10 m off the
bottom, whichever was shallower. Temperature pro-
files were averaged for the upper 200 m of the water
column to account for uncertainty in capelin vertical
distributions during 24 h sampling. Capelin in the
CGOA and eastern GOA vary their vertical position
relative to bottom depth and occupy a wide range
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of depths during daytime (McGowan et al. 2016).
The magnitude and direction of capelin diel vertical
movements can also vary by year (Mowbray 2002)
and age-class (Gjoseeter 1998) in late summer and
fall. Therefore, a mean water column temperature
was assumed to be a more robust measure of thermal
exposure to capelin over a 24 h period compared to
measurements from a discrete depth (e.g. surface or
bottom temperature). Temperature-based stratifica-
tion is used as proxy for vertical mixing to identify
areas of higher primary productivity (Cheng et al.
2012). To improve model convergence, Temp and
Strat were standardized by subtracting values from
their mean and dividing by one standard deviation
(indicated by the ‘s’ prefix in the variable name). The
effects of sTemp and sStrat on capelin occurrence
and positive catch rates were modeled separately to
minimize collinearity between the 2 variables. A
quadratic relationship with temperature was mod-
eled by adding an additional sTemp? term (Bradley
& Srivastava 1977).

To account for potential differences in the relative
influence of temperature-related covariates on capelin
over banks and troughs (McGowan et al. 2018), we
included an interaction between the temperature-
based covariates with the bottom depth factor fBT.
Referred to as depth-stratified parameters, coeffi-
cients for sTemp and sStrat were estimated for sam-
ples located over banks (<100 m bottom depth), and
a separate set of coefficients was estimated for sam-
ples in troughs (=100 m bottom depth). Estimation
of depth-stratified parameters accounts for potential
differences in oceanographic properties between
banks and troughs that influence distributions of
capelin. Delta-GLMMs with depth-stratified parame-
ters do not require the same covariate to be estimated
for bank and trough samples.

The covariate array X for the occurrence and posi-
tive catch sub-models was composed of one the fol-
lowing 6 combinations j of covariates k:

Xi(k,s,t)={Reg(s),fBT(s),sTemp(s,t),sTemp?(s,t)}
X, (k,s,t)=1{Reg(s),fBT(s),sStrat(s,t)}
Xj3(k,s,t)=1{Reg(s), BT (s),sTempg(s,t),sTempr(s,t)} 6)
X4(k,s,t)={Reg(s),fBT(s),sTempg(s,t),sStratr(s,t)}
X;s(k,s,t)=1{Reg(s), fBT(s),s Stratg(s,t),sTempr(s,t)}
Xe(k,s,t)={Reg(s),fBT(s),sStratg(s,t),sStratr(s,t)}

where the categorical covariates and fBT(s) are in-
dexed at location s, and the standardized continuous
covariates sTemp, sTempZ, and sStrat are indexed at
location s in year t. X3 ¢ include depth-stratified
terms (i.e. an interaction between sTemp or sStrat
with fBT), with the variable subscript indicating

whether covariate values are from samples located
over banks (e.g. sTempg) or in troughs (e.g. sTempr).
Due to poor model convergence, depth-stratified
parameters were not estimated for the quadratic tem-
perature term (X;_,).

Parameter estimation using maximum marginal
likelihood was conducted within the R environment
using template model builder (Kristensen et al. 2016)
with the R package 'VAST', version 1.1.0 (https://
github.com/James-Thorson/VAST; Thorson & Bar-
nett 2017).

2.4. Data analyses

2.4.1. Evaluating single- and multi-category
day-night models

Day and night samples were first analyzed sepa-
rately in single-category, delta-GLMMs with no
covariate inputs (X and X® set to 0), and then
jointly in a multi-category, delta-GLMM to assess dif-
ferences in model performance. Differences between
the single- and multi-category models were assessed
by comparison of variance parameters for fixed and
random effects (Table 1) and evaluation of model fits
by visually inspecting diagnostic plots of both com-
ponents of the delta model. Model diagnostic plots
included comparison of observed to predicted oc-
currence p, quantile—quantile (Q-Q) plots, and sign
deviance residual scatter plots for positive catch rates
(Hardin & Hilbe 2007, Zuur et al. 2009). Observed
capelin occurrence was converted from binary val-
ues of presence/absence (b > 0 = 1, otherwise 0) to a
proportion by sorting observations of 0 and 1 by their
respective p values in increments of 0.05 and calcu-
lating the proportion of samples where capelin were
observed to be present within each group (e.g. if 50
observations had a p between 0 and 0.05, and capelin
were present in 3 of the 50 observations, the ob-
served occurrence proportion equals 0.06).

2.4.2. Effects of temperature on capelin occurrence
and catch rate

Objective 1 examined the influence of temperature-
related covariates on capelin occurrence and positive
catch rates using the multi-category, delta-GLMM.
We assessed 36 candidate models, each containing a
different set of the unique covariate arrays (Eq. 6) in
the occurrence (Xj(p)) and positive catch rate (Xj(”)
sub-models. Of the 36 candidate models, 16 included
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covariate arrays with depth-stratified parameters for
continuous covariates in both sub-models (Xg(f’é X
X, = 16 candidate models), 16 included depth-
stratified parameters in one of the sub-models (Xl(f; X
X", = 8 models, X" x X", = 8 models), and 4 models

did not include any interactions with fBT (X} x X,")

= 4 models). The best combination of temperature-
based covariates among the 36 candidate models
was determined using Akaike's information criterion
values corrected for finite sample size (AIC.) (Burn-
ham & Anderson 2002). Visual inspection of diagnos-
tic plots for both components of the delta model was
conducted to assess model fit. The explained deviance
was also calculated following Zuur et al. (2009) as an
additional measure of model performance.

2.4.3. Effects of temperature on
distributions and density

Objective 2 quantified interannual shifts in capelin
distributions within and between the WGOA and
CGOA regions using predicted catch rates from the
‘best’ model identified in the Objective 1 analysis.
Day and night catch rates were normalized to a com-
mon scale by dividing values by one standard devia-
tion for the sample’s respective day—night category.
Center of gravity (CG) and inertia, the mean location
of the population and the dispersion of the population
around its CG (Woillez et al. 2007), were used to
characterize interannual differences in distributions
within and between regions. Using normalized, pre-
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dicted catch rates for all samples, CG and inertia
were calculated by year within each region and
across both regions using R package 'RGeostats’ ver-
sion 11.1.2 (Renard et al. 2017). Objective 3 charac-
terized interannual variations in the relative abun-
dance of capelin based on the mean predicted catch
rate from Objective 1's 'best’ model. Annual esti-
mates of capelin mean density were calculated from
the predicted catch rates by region and day-night
category, and were interpreted as separate indices of
capelin relative abundance for day and night within
each region.

3. RESULTS
3.1. Data summary

The GOA underwent a period of warming from
2001 to 2005 followed by cooler temperatures (Fig. 3).
In the WGOA, mean water column temperatures for
the upper 200 m averaged 8.6 + 0.1°C (mean * SE)
across all 7 yr, varying from a low of 7.6 + 0.2°C in
2013 to a high of 9.5 + 0.2°C in 2003. Between 2005
and 2013, the average water temperature was similar
in both regions (WGOA: 8.3 = 0.1°C; CGOA: 8.4 =+
0.1°C), with 2013 also being the coolest year (7.9 +
0.2°C) in the CGOA and 2005 the warmest (9.4 +
0.2°C). Temperatures were relatively higher over
banks compared to troughs, but the overall warming
and cooling pattern observed during the 7 data years
was apparent in both bottom depth factor levels.
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Fig. 3. (A) Observed mean water column temperature and (B) water column stratification by year, region (WGOA: western

Gulf of Alaska; CGOA: central GOA), and bottom depth (bank: <100 m; trough: 2100 m). Values for each year are identified by

region and bottom depth factor (all: mean for bank and trough). Horizontal lines: average values for each region for the years

shown. Note that mean values were not corrected for potential spatial autocorrelation and standard errors should be inter-
preted with caution
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While temperatures over WGOA banks steadily de-
clined from 2005 to 2013 by 1.5°C, temperatures over
CGOA banks dropped by 1.5°C from 2005 to 2007
but then remained within 0.1°C in 2009 and 2013. In
contrast, steady declines in temperature occurred in
troughs within both regions.

Thermal stratification (i.e. the difference between
surface and bottom temperatures) also varied among
years (Fig. 3), but was not associated with interan-
nual differences in temperature. In the WGOA, mean
stratification values ranged from 3.7 (2001) to 4.5°C
(2005) during the first 6 yr that were sampled, but
then increased sharply to 5.6°C in 2013. In contrast,
mean stratification in the CGOA varied from 3.3°C
(2009) to 4.4°C (2007). Waters over banks were rela-
tively less stratified than in troughs by a difference of
1.4 to 2.8°C in annual mean stratification values.
Within each bottom depth category, the magnitude
of stratification was more than 1°C lower compared
to other years in CGOA troughs in 2009 and over
CGOA banks in 2009 and 2013, indicating increased
mixing of the water column.

A total of 523 trawl samples were analyzed (Table 2).
Differences between day—-night categories in occur-
rence (Table 2) and catch rates (Fig. S1.1 in Supple-
ment 1) of capelin occurred between day (n = 289)
and night (n = 234) that varied across years, regions,
and bottom depth strata. Positive catches were ob-
served more frequently at night (70 % of night sam-
ples) than during the day (43 % of day samples); see
Supplement 1 for details.

Capelin lengths ranged from 40 to 142 mm SL (n =
5986), of which 99.5% were longer than 60 mm
(Fig. S2.1 in Supplement 2). Based on length-age
relationships from Brown (2002), this minimum size
indicates that the Stauffer trawl sampled capelin that
were 1 yr or older.

3.2. Influence of temperature variability on
capelin distributions

The influence of temperature on capelin distribu-
tions was quantified using the multi-category, delta-
GLMM, which estimates a different set of coefficients
for day and night samples. The multi-category model
had improved precision and overall model perform-
ance compared to the single-category day and night
models (details in Supplement 1). Briefly, most spatial
variance parameter estimates in the day and night
single-category models were higher than the corre-
sponding parameter in the multi-category model or
variance was estimated as 0 (indicating the random
effects did not contribute to the model) for spatial or
spatiotemporal variation (Table S1.1 in Supplement 1).
Visual inspection of model diagnostics also showed
that the multi-category model had the best fit to both
observed occurrence probabilities and positive catch
rates (Fig. S1.2). Due to pronounced nonlinear differ-
ences in observed CPUEs between day and night sam-
ples (Fig. S1.1), predicted catch rates for each day-
night category were interpreted as separate indices.

A total of 36 multi-category, delta-GLMMs were
analyzed to quantify the influence of temperature
variability on capelin occurrence and positive catch
rates (Table 3). The candidate model with greatest
support based on explained deviance (Model No. 1)
included depth-stratified parameters for thermal
stratification over banks and temperature in troughs
in the occurrence sub-model, and depth-stratified
parameters for stratification over banks and in
troughs for the positive catch rates sub-model. Model
No. 1 explains 54.84% of observed variability in
capelin distributions (Table 3). Visual inspection of
diagnostic plots shows good fits to both components
of the delta-GLMM (Fig. S3.1 in Supplement 3).

Table 2. Number of trawl samples (n) summarized by year for each region (WGOA: western Gulf of Alaska; CGOA: central
GOA), bottom depth factor (bank: <100 m; trough: 2100 m), and day—night category (D: day; N: night). The proportion of
samples with positive catch rates for capelin is indicated within parentheses

Year ——— WGOA: n = 386 (0.54) CGOA: n = 137 (0.58)
Bank: 145 (0.40) Trough: 241 (0.63) Bank: 69 (0.46) Trough: 68 (0.69)
D N D N D N D N
2000 17 (0.47) 17 (0.53) 24 (0.38) 25 (0.76) - - - -
2001 16 (0.31) 17 (0.41) 26 (0.42) 22 (0.73) - - - -
2003 13 (0.15) 11 (0.55) 21 (0.71) 20 (0.90) - - - -
2005 8(0.25)  3(1.00) 10 (0.90) 9 (1.00) 9(0.44)  8(0.75) 7 (0.57) 11 (0.91)
2007 7(0.29) 4 (0.75) 8 (0.63) 9 (1.00) 8(0.25)  6(0.67) 11 (0.45) 7 (0.43)
2009 10 (0.40) 3 (0.33) 10 (0.70) 11 (0.91) 10 (0.30) 5 (0.60) 7 (0.86) 8 (0.75)
2013 9(0.11) 10 (0.50) 30 (0.27) 16 (0.38) 18 (0.28) 5 (1.00) 10 (0.80) 7 (0.71)
Total 80 (0.30) 65 (0.52) 129 (0.50) 112 (0.78) 45(0.31) 24 (0.75) 35(0.66) 33 (0.73)
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Table 3. Model selection results from the multi-category, delta generalized linear mixed model. Candidate models are organ-
ized by the inclusion of an interaction between continuous, temperature-based covariates (s Temp, sStrat) and bottom depth
factor (fBT; bank: <100 m, trough: 2100 m) in the capelin occurrence and positive catch rate sub-models. Model numbers indi-
cate their rank relative to corrected Akaike's information criterion (AIC.) values for all 36 candidate models (see Table S3.1 in
Supplement 3). Model structure is indicated by the covariate name listed under each sub-model's bottom depth factor. Sub-
models that did not include depth-stratified covariates are centered under both bottom depth factors, and sStrat + s Temp?
indicates inclusion of a quadratic term for temperature. The number of parameters are shown for fixed (FE) and random (RE)

effects. Model performance is indicated by the explained deviance (Dev)

Model No. Temperature-based covariates —————————— No. of parameters Dev (%)
Occurrence Positive catch rates FE RE

Bank Trough Bank Trough
Both sub-models include depth-stratified parameters
1 sStrat sTemp sStrat sStrat 56 3296 53.83
3 sStrat sTemp sStrat sTemp 56 3296 53.40
4 sTemp sTemp sStrat sStrat 56 3296 53.35
5 sStrat sTemp sTemp sStrat 56 3296 53.32
Only positive catch rates sub-model includes depth-stratified parameters
2 sStrat + s Temp? sStrat sStrat 56 3296 53.66
7 sStrat + s Temp? sStrat sTemp 56 3296 53.24
8 sStrat + s Temp? sTemp sStrat 56 3296 53.16
16 sStrat + s Temp? sTemp sTemp 56 3296 52.50
Only occurrence sub-model includes depth-stratified parameters
6 sStrat sTemp sStrat + s Temp? 56 3296 53.31
12 sStrat sTemp sStrat + s Temp? 56 3296 52.84
20 sStrat sStrat sStrat + s Temp? 56 3296 52.23
23 sStrat sStrat sStrat + s Temp? 54 3296 52.15
Neither sub-model includes depth-stratified parameters
9 sStrat + s Temp? sStrat + s Temp? 56 3296 53.15
26 sStrat + s Temp? sStrat 54 3296 51.59
32 sStrat sStrat + s Temp? 54 3296 50.76
36 sStrat sStrat 54 3296 49.19

Examination of spatial parameter estimates from
Model No. 1 indicates that there are important differ-
ences between distributions of capelin occurrence
and density. Model No. 1 estimated the geostatistical
range for capelin occurrence to be approximately
94 km, while distributions of positive catch rates
were patchier with a range of 40 km. To assess the
stability of capelin spatial patterns, we compared the
estimated magnitude of the standard deviations of
spatial and spatiotemporal variation within each sub-
model (Table 4). In the occurrence sub-model, the
standard deviation of spatial variation (|LE§) )day| =1.36,
|Lif,’)mgm| = 1.44) was greater than for spatiotemporal
variation (|L{"4,| = 0.80, |[L¥ ignd = 1.25), indicating
that the area occupied by capelin was relatively sta-
ble among years. In contrast, spatiotemporal varia-
tion (L] = 1.15, |L{ign| = 1.46) was greater than
spatial variation |LUs.,| = 0.06, |LY ignd = 0.14) in
the positive catch rates sub-model; this shows that
there was high interannual variability in distributions
of capelin density, which is indicative of a response
to changes in environmental conditions (Thorson
2019).

Model No. 1 predicts that occurrence probabilities
for capelin increase in waters that are more strati-
fied over banks and relatively warmer in troughs,
and that positive catch rates increase in more strati-
fied waters over banks but less stratified waters
within troughs (Fig. 4). During both day and night,
occurrence probabilities were highest over banks in
waters with stratification values that ranged from 2
to 5.5°C, while positive catch rates peaked between
3 and 5.5°C (Fig. 4). In troughs where capelin occu-
pied waters with mean temperatures that ranged
from 5.7 to 11.3°C, capelin occurrence probabilities
were highest between 7 and 10.5°C, and positive
catch rates peaked in waters with stratification val-
ues between 3 and 7°C (Fig. 4). Occurrence proba-
bilities are predicted to be higher in troughs com-
pared to over banks during both day (oysr = 1.32)
and night (osr = 1.86), while regional differences
(Olgeg < 0.33) are relatively less important (Table 4;
note the coefficient subscript indicates the covariate
name). In contrast, capelin positive catch rates
based on day samples are predicted to be higher in
the CGOA (Bgeg = 1.64), while the regional differ-
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Table 4. Parameter estimates (Est) and standard deviations (SD) for the best candidate model (Model No. 1). Subscripts were

added to the o,/a, and B,/B coefficients to indicate the intercept year/covariate name for each parameter. Parameter estimates

are logit transformed in the occurrence sub-model and log transformed in the positive catch rates sub-model. Note the decor-

relation rate (x) is shared by both day—night categories. See Table 1 for parameter definitions; parameters with subscript B and

T indicate a depth-stratified parameter (i.e. an interaction between the covariate with fBT, where (B) indicates samples from
banks (<100 m bottom depth) and (T') for samples from troughs (=100 m)

Occurrence Positive catch rates
Parameter Day Night Parameter Day Night
Est SD Est SD Est SD Est SD
02000 -1.35 0.78 0.49 0.91 B2000 -3.93 0.49 -1.86 0.48
Oaoo1 -1.76 0.79 -0.36 0.92 Ba001 -4.22 0.51 -2.56 0.61
02003 -1.13 0.79 0.51 0.99 Bao03 -3.75 0.59 -2.22 0.60
Oa00s -0.85 0.80 1.83 1.21 B2o0s -2.43 0.57 0.32 0.62
Ola007 -1.76 0.85 0.52 1.05 Baoo7 -1.68 0.64 -0.47 0.63
0Oa009 -0.79 0.79 1.15 1.08 B200o -3.32 0.57 -1.19 0.64
Ol2013 -2.12 0.80 -0.56 0.91 Bao13 -4.70 0.62 -1.19 0.62
Olgeg 0.31 0.87 0.05 1.07 Breg 1.64 0.44 -0.07 0.48
OspT 1.25 0.41 1.37 0.53 Bear 0.37 0.38 0.30 0.36
Olssiraty 0.68 0.33 0.96 0.43 Bsstrat, 0.87 0.45 0.71 0.36
Ol Tempy 0.08 0.28 1.18 0.49 Bs Tempy -0.16 0.20 -0.58 0.21
Ly -1.36 0.40 -1.44 0.59 LY 0.06 0.61 -0.14 1.18
LY 0.80 0.32 1.25 0.59 LY 1.15 0.27 1.46 0.25
kP -3.50 0.34 K@ -2.64 0.39
c? 0.09 0.11 0.19 0.09

ence in predicted night catch rates was negligible
(Breg = —0.07; Fig. 4B). Similar to the occurrence
sub-model, catch rates are predicted to be higher in
troughs during the day (Br = 0.37) and at night
(Bssr = 0.30). The large standard deviations relative
to the Bzt coefficients (Table 4) and lack of apparent
differences in predicted catch rates (Fig. 4B) indi-
cate that bottom depth is less important than other
covariates when explaining variability in capelin
densities. Comparison of day and night parameter
estimates supports the assumption that temperature
variability similarly influences capelin horizontal
distributions during day and night. The sign of coef-
ficients estimated for day and night match for all
temperature-based covariates (Table 4).

The influence of stratification on capelin distribu-
tions is explained more effectively by estimating a
separate linear relationship in banks and troughs (i.e.
depth-stratified parameters) compared to models
that do not include an interaction with the bottom
depth factor (Table S3.1). For example, the explained
deviance decreased by 2.08 % in Model No. 23 when
the effects of stratification on positive catch rates was
modeled without the fBT interaction. This is not sur-
prising given that Model No. 1 predicted that capelin
catch rates increased with stratification over banks
but decreased in more stratified waters in troughs
(Table 3), with the highest catch rates occurring in

waters with stratification values between 3 and 7°C
(Fig. 4B).

In contrast to the modeled effects of stratification,
the effects of temperature on capelin distributions
were better explained by a quadratic relationship
compared to a linear relationship for temperature in
banks and troughs. For example, comparison of
models with the same covariate structure for 1 of
the 2 sub-models showed that the explained de-
viance for Model No. 2 (quadratic temperature in
occurrence sub-model) was higher than Model No.
4 by 0.31% (Table 3). Similarly, the deviance was
higher by 0.64 % for Model No. 6 (quadratic temper-
ature in positive catch rate sub-model) compared to
Model No. 15 (Table S3.1). Results for Model Nos. 2
and 6 provide insights into the influence of temper-
ature variability on capelin occurrence and density
that cannot be drawn from Model No. 1. Visual
inspection of diagnostic plots for Model Nos. 2 and 6
showed each had good fits to both components of
the delta-GLMM similar to Model No. 1 (Fig. S3.1).
Predicted occurrence probabilities from Model No. 2
(Fig. 5A) and positive catch rates from Model No. 6
(Fig. 5B) show capelin occurrence and catch rates
peaked between 8 and 10°C over banks and
troughs, but they also show a steep decline in
waters warmer than 10.5°C that is not as apparent
in Model No. 1 (Fig. 4).
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Fig. 4. (A) Predicted capelin occurrence probabilities and (B) positive catch rates (kg km2) from Model No. 1, the best candi-

date model, by day—night category, bottom depth factor (bank: <100 m; trough: 2100 m), and region factor (WGOA: western

Gulf of Alaska; CGOA: central GOA). The occurrence model includes depth-stratified covariates for water column stratifica-

tion over banks and temperature in troughs, and the positive catch rates sub-model includes depth-stratified covariates for

stratification over banks and in troughs. Points: predicted values for each sample based on fixed and random effects; lines: pre-

dicted values for fixed effects across the range of observed stratification and temperature values based on an average intercept
for all years and random effects for spatial and spatiotemporal variation set to 0

3.3. Interannual differences in
distributions and density

In all years, distributions of capelin were centered
over the inner shelf of both regions (Fig. 6A). High
catch rates often occurred near or over edges of
banks and were rarely observed over the outer shelf
(Fig. S4.1 in Supplement 4). In the WGOA, CGs in all
years were located west of the Semidi Islands along
the north side of Semidi Bank, with the greatest rela-
tive shift occurring to the southeast in 2013. In the
CGOA, CGs for all years indicated that capelin were
centered over Middle Albatross Bank between
Barnabus and Chiniak Troughs. With the exception
of 2013 in the WGOA, the long axis of inertia in each
year extended parallel to the coastlines of the Alaska
Peninsula (WGOA) and southeast side of Kodiak
Island (CGOA). In the 4 years that both regions were
surveyed, capelin CGs calculated for both regions
combined (referred to as GOA) shifted approxi-
mately 60 km east and 40 km north in 2013. Contrac-
tion of the axes of inertia in 2013 further highlights
the low abundance of capelin in the WGOA during
that year.

The predicted mean density of capelin in the GOA
from Model No. 1 varied between day-night cate-
gories, years, and regions (Fig. 7), with a clear
increase and decrease in density during the study
period. In the WGOA, mean densities were 0.5 to 1.5
orders of magnitude greater at night than during the
day. Differences between day and night mean densi-
ties were less pronounced in the CGOA, but were at
least twice as high at night in 3 of the 4 years. Despite
their differences in magnitude, mean densities from
day and night in the WGOA were relatively low from
2000 to 2003 and then increased by at least an order of
magnitude in 2005. During the day, mean densities
in both regions reached a peak in 2007 (mean + SE:
229.1 + 97.7 kg km™2 in WGOA; 435.2 + 72.1 kg km™
in CGOA). Daytime mean density declined sharply in
the WGOA in 2009 to levels similar to those observed
in 2003 and earlier, reaching a minimum of 2.7 + 0.4 kg
km~2 in 2013. In the CGOA, relatively high densities
persisted through 2009 before similarly declining to a
minimum in 2013 of 41.0 + 8.0 kg km™2. Estimates of
mean density for the night index showed a different
pattern. In both regions, the night mean density
peaked earlier than it did during the day (2005) to
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Fig. 5. (A) Predicted capelin occurrence probabilities from Model No. 2 and (B) positive catch rates (kg km2) from Model No. 6

by day-night category, bottom depth factor (bank: <100 m; trough: 2100 m), and region factor (WGOA: western Gulf of

Alaska; CGOA: central GOA). Both sub-models include effects of a quadratic relationship for temperature on occurrence and

positive catch rates. Points: predicted values for each sample based on fixed and random effects; lines: predicted values for

fixed effects across the range of observed stratification and temperature values based on an average intercept for all years and
random effects for spatial and spatiotemporal variation set to 0

1998.4 + 626.8 kg km™2 in the WGOA and 1240.8 +
239.9 kg km™ in the CGOA. Mean density in the
WGOA remained relatively high in 2007 and then de-
clined in 2009 and 2013. In contrast, mean density
in the CGOA dropped to the lowest level in 2007
(434.2 + 160.5 kg km™?) among the 4 years surveyed,
and then increased to 696.9 + 308.7 kg km~2in 2013.

Some of the variability in this study's mean density
estimates may be attributed to the exclusion of 31
twilight samples, including 11 with relatively high
catch rates in the WGOA in 2009 and in the CGOA in
2007, 2009, and 2013. For example, the 2007 CGOA
mean density estimate may be biased low due to the
exclusion of 4 twilight samples located over Alba-
tross Bank whose observed CPUE averaged 540.3 +
270.1 kg km~2. Nonetheless, we do not believe that
inclusion of these samples would significantly alter
the observed regional and interannual patterns of
relative abundance.

4. DISCUSSION

During warm and cold study years between 2000
and 2013, variability in direct and indirect effects of

water temperature influenced the occurrence and
catch rates of capelin over the GOA shelf. The re-
sponse of GOA capelin to temperature variability is
complex, as their distributions and densities did not
vary as expected for a boreo-Arctic species occupy-
ing lower latitudes within its range. Interannual vari-
ation in estimates of mean density were not directly
related to regional mean temperatures, and distribu-
tions shifted northeastward during the coldest study
year. Given the wide distribution of capelin across
subarctic and Arctic waters, observed movements
of GOA capelin are not consistent with a priori ex-
pectations that this mobile, pelagic species would
expand over the GOA shelf during cold years and
contract northward in warm years (e.g. Ormseth
2012, Andrews et al. 2016).

4.1. Influence of temperature on
capelin distributions

The influence of temperature-based covariates on
distributions of capelin was quantified using a multi-
category, spatiotemporal delta-GLMM that accounted
for differences in capelin CPUEs between day and
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ated with diel movements and/or species
compositions that may mask spatiotempo-
ral changes in distributions.

Model selection results indicated that
temperature-related covariates explained
variability in capelin distributions over
the GOA shelf, but that bio-physical rela-
tionships were complex with differences
between banks and troughs. Thermal
stratification (i.e. the difference between
surface and bottom temperatures) best
explained capelin occurrence over banks

and positive catch rates over banks and
in troughs, where the highest densities
occur in moderately stratified waters (i.e.
a temperature difference of 3 to 7°C). In
contrast, the presence of capelin within
troughs was best explained by mean
water column temperature, with occur-
rence probabilities peaking between 7
and 10.5°C. Models that estimated the
effects of a quadratic relationship for tem-
perature on capelin occurrence and posi-
tive catch rates indicated that 8 to 10°C
was the optimal temperature range over
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Fig. 6. Center of gravity (line intersection) and inertia (line length) esti-
mates derived from Model No. 1's predicted capelin catch rates by year for
(A) samples within each region and (B) samples from both regions com-
bined. Location of center of gravity estimates for each region (WGOA:
western Gulf of Alaska; CGOA: central GOA) and both regions combined
(GOA) by year along (C) longitudinal (‘eastings’) and (D) latitudinal

ACC with steep walls along troughs
(Mordy et al. 2016, Stabeno et al. 2016a).
Predicted increases in capelin catch
rates in troughs were associated with

(‘northings’') axes

night. Adapted from Thorson et al.'s (2015a) multi-
species model, estimating distributions of capelin
simultaneously for day and night categories within a
joint modeling framework improved precision of pre-
dicted occurrence probabilities and positive catch
rates compared to separate models for day and night.
This multi-category modeling approach could be
adapted for other survey data containing differences
in catch rates between day and night samples associ-

reduced thermal stratification, suggesting

that capelin concentrate in areas of higher

production that results from increased
vertical mixing. Over banks, capelin occurrence and
positive catch rates were associated with increased
thermal stratification. Although this observation is
opposite to the predicted relationship in troughs, the
result is not surprising given that the magnitude of
stratification over banks was much lower than that
in troughs, and that strong vertical mixing can po-
tentially inhibit primary production. Intense vertical
mixing increases the supply of nutrients from troughs
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Fig. 7. Annual estimates of predicted mean densities of
capelin from Model No. 1 by day-night category and region
(WGOA: western Gulf of Alaska; CGOA: central GOA). Ver-
tical lines: estimated SE of the mean. Note that the range of
densities is more than 3 times greater at night

to the euphotic zone over banks (Cheng et al. 2012,
Mordy et al. 2016), deepens the pycnocline, and
reduces phytoplankton densities in the euphotic
zone, resulting in lower overall production (Cheng et
al. 2012). Adjacent areas that are more stratified with
a shallower pycnocline, such as along the edges of
banks, would have relatively higher production. These
model results, in conjunction with observed distribu-
tions, suggest that capelin concentrate over or near
the edges of GOA banks in waters with higher local-
ized production. Our findings also highlight the
importance of accounting for potential differences in
oceanographic properties among bathymetric zones
that influence distributions of pelagic species.

The hypothesis that capelin concentrate over or
near the edges of GOA banks is consistent with
results from McGowan et al. (2018), who showed par-
allel results using an independent data set. Similar to
this study's trough-based observations, McGowan et
al. (2018) showed that capelin occupied waters in the
CGOA that were associated with warmer bottom
temperatures and concentrated in close proximity to
the edge of banks (i.e. the 100 m isobath) and in
areas with reduced stratification. This study's use of a
depth-stratified model was able to differentiate how

temperature-based covariates explain variability in
capelin distributions in bank and trough habitats
that have different oceanographic properties. The
expanded domain and duration of this study also
demonstrates that the influence of these covariates
on capelin distributions is robust across the GOA.

While this study found an influence of temperature
on distributions of capelin, additional factors (e.g.
physiological condition, prey availability, and preda-
tion risk) may also play a significant role. Growth,
condition, foraging, distribution, and population abun-
dance of Atlantic capelin have all been shown to vary
directly or indirectly with climate-related changes in
ocean temperature (e.g. Mowbray 2002, Orlova et al.
2010, Buren et al. 2014). Given a reduction in suitable
habitat (Andrews et al. 2016), prey supply (Obrado-
vich et al. 2014), or influx of predators (Hjermann et
al. 2004), it is reasonable to assume that capelin will
be more likely to occupy waters outside their pre-
ferred thermal range if it would increase their net
energy intake to optimize growth (MacArthur &
Pianka 1966) and/or minimize exposure to predators
(Gilliam & Fraser 1987). Further examination of the
combined effects of temperature with other fac-
tors on distributions and abundances of capelin is
needed to better understand the relative importance
of mechanisms that influence how GOA capelin
respond to different temperature regimes.

4.2. Interannual variability in distributions
and density

Although decreases in capelin abundance have
previously coincided with warm periods in the GOA
(Anderson et al. 1997) and eastern Bering Sea
(Andrews et al. 2016), results from this study found a
contrasting and less consistent relationship between
mean densities and interannual variations in temper-
ature. Annual estimates of mean densities from night
catches in the WGOA were both relatively high
(2005, 2007) and low (2001, 2003) in warm years, and
were surprisingly low during all cold years. In the
CGOA, the highest mean density of capelin also
occurred during the region's warmest study year
(2005), but in contrast to the WGOA, density was
relatively high during the coldest year (2013), as
well. Overall, interannual variation in mean density
was lower in the CGOA compared to the WGOA.
Fluctuations in capelin relative abundance appears
to be independent of regional temperature in the
CGOA, while high abundance in the WGOA only
occurred during some (but not all) warm years.
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Observed distributions of capelin in this study and
other surveys suggest that the CGOA region may
comprise core habitat for GOA capelin. The occur-
rence and density of capelin appears to be relatively
more stable in the CGOA, while the WGOA may
experience booms and busts in capelin biomass.
Capelin were consistently located over Albatross
Bank in the 4 survey years examined in this study,
and observations from other surveys support the
premise that capelin are consistently distributed over
the Kodiak shelf. NOAA's Alaska Fisheries Science
Center (AFSC) summer bottom trawl survey has ob-
served concentrations of capelin over CGOA banks
since the 1990s (Ormseth et al. 2016). Acoustic meas-
urements from 2 independent surveys, the AFSC
Midwater Assessment and Conservation Engineering
(MACE) Program's summer GOA pollock acoustic-
trawl (AT) survey (Guttormsen & Yasenak 2007,
Jones et al. 2014) and the Gulf of Alaska Integrated
Ecosystem Research Program's (GOAIERP) offshore
upper trophic level survey (McGowan et al. 2016),
observed aggregations of capelin over CGOA banks
and/or within troughs in all years that they were con-
ducted (MACE pollock AT survey: Jun-Aug 2003,
2005, 2011, 2013; GOAIERP: Aug-Oct 2011, 2013).
Additional acoustic-trawl surveys of limited spatial
coverage in the CGOA from 2000 to 2005 also
reported that capelin were consistently observed in
Barnabus and Chiniak Troughs (Hollowed et al.
2007, Logerwell et al. 2007, 2010). The consistent
presence of capelin aggregations over the CGOA
shelf and occurrence in predator diets suggests that
the CGOA is an important foraging area for piscivo-
rous groundfish and seabirds (Piatt et al. 2018).

The contrast in mean densities between regions in
2013 (i.e. low in WGOA, moderate-to-high in CGOA)
also resulted in the largest change in distributions of
capelin northeastward towards Kodiak during the
4 years that were compared. The lack of survey cov-
erage in the northern GOA precludes determining if
the observed changes in CG and inertia of capelin
distributions in 2013 indicate if the population was
displaced to the northeast or had contracted over the
CGOA shelf. However, observed high capelin densi-
ties in both regions during the warmest year (20095)
and low densities of WGOA capelin in the coldest
year (2013) contradicts the expectation that capelin
distributions would contract (e.g. Andrews et al.
2016) and their abundances would be lower (e.g.
Anderson et al. 1997, Sydeman et al. 2017) during
warm years. Mean temperatures in 2013 were rela-
tively warmer in the CGOA than in the WGOA. Tem-
peratures in the CGOA can be higher relative to the

WGOA due to the GOA's cyclonic circulation that
supplies the northern shelf with heat advected north-
ward from the southeast, and then ACC water cools
as it flows southwestward due to coastal inputs of
snowmelt and cross-shelf intrusions of cold water
from the upper slope (Stabeno et al. 2004, 2016a,b).
The availability of warmer waters at higher latitudes
during a cold year suggests that the thermal enve-
lope and/or other temperature-related factors (e.g.
availability and quality of prey, distribution of pre-
dators) over the CGOA shelf may have been more
suitable for capelin that year. Differences in regional
temperatures were reduced in most warmer years,
during which suitable thermal habitat for capelin may
have been more equally available in both regions.
Given our limited understanding of the processes
that influence the distributions and abundances of
capelin in the GOA, we propose 4 alternative expla-
nations for the inconsistent relationship between
interannual variations in relative abundance of GOA
capelin and in situ temperature within and between
regions: displacement, expansion/contraction, mor-
tality, or recruitment. Displacement of capelin along
the GOA shelf, as indicated by interannual differ-
ences in mean density between regions, is consistent
with observed spatial dynamics for other capelin
populations where distribution shifts do not coincide
with pronounced changes in the area occupied by a
population. For example, in the Barents Sea, in-
creased flux of warm Atlantic water from the west
and higher local temperatures coincide with shifts in
distributions of capelin to cooler northern and east-
ern waters (Carscadden et al. 2013a). Observed low
mean capelin densities in the WGOA during cold
years coincided with high relative abundances of
capelin in the northern GOA based on Middleton
Island seabird diets (Hatch 2013, Sydeman et al.
2017, Zador & Yasumishii 2017), while the opposite
pattern was observed during most warm years from
2000 to 2013. This suggests that capelin distributions
may be displaced along the shelf to the northeast
during cold years (e.g. 2013) when water tempera-
tures in the GOA may be warmer at higher latitudes,
and back to the southwest in warm years (e.g. 2005).
Under this scenario, interannual fluctuations in
capelin abundance in the CGOA are expected to be
less variable relative to variations in other regions.
In contrast, the idea of expansion and contrac-
tion of GOA capelin from the Kodiak Shelf is based
on observed decadal variability in distributions of
capelin catches from the AFSC summer bottom
trawl survey (Mueter & Norcross 2002, Ormseth
2012), which showed increases in capelin CPUEs as
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the population expanded from the CGOA region
across the GOA shelf following the post-regime shift
decline in the 1980s (Anderson et al. 1997). If the
population is primarily concentrated over the CGOA
shelf, as indicated by other survey (Ormseth et al.
2016) and spatially indexed predator diet data (Piatt
et al. 2018), one would expect interannual fluctua-
tions in abundance levels in the CGOA to be less
variable relative to the WGOA, as observed in this
study. Differentiating between displacement and
expansion/contraction of the population requires
longer time series from the CGOA region and addi-
tional data collection from the northern GOA.
Interannual differences in capelin densities between
regions may have resulted from shifts in distributions
of capelin predators (e.g. groundfish; Yang et al.
2005), resulting in variable capelin mortality and
regional abundances. In the eastern Bering Sea, pre-
dation on capelin by Pacific cod Gadus macrocepha-
lus increased in years when distributions of cod
extended further north over the shelf due to north-
ward contraction of a cold water mass (i.e. the cold
pool) that cod did not occupy (Ciannelli & Bailey
2005). If movement of capelin between regions over
the GOA shelf is limited, increases in predator abun-
dance within one region may impact local capelin
mortality and abundance. Observations in the Bar-
ents Sea indicate that high predation has impacted
the abundance of Atlantic capelin, where poor re-
cruitment occurred in years when influxes of juvenile
Atlantic herring Clupea harengus from the North
Sea resulted in heavy predation on capelin larvae
(Hjermann et al. 2004, Carscadden et al. 2013b).
Finally, it is reasonable to speculate that interannual
differences in distributions and relative abundances
of GOA capelin reflect cumulative mortality incurred
during early life stages. Cohort size in Atlantic capelin
Mallotus villosus populations off Newfoundland and
in the Barents Sea are determined by processes that
affect mortality during the first year of life (Carscad-
den et al. 2013b). The timing of capelin spawning is
temperature-dependent (Gjoseeter 1998) and varies
along GOA beaches from spring through summer
(Pahlke 1985). After hatching, capelin larvae are
pelagic and likely transported from inshore waters to
the GOA shelf by tidal flushing and wind-driven sur-
face currents (Doyle et al. 2002). Over the shelf, larvae
are presumed to be advected to the west-southwest
by the ACC, similar to other pelagic larvae (e.g.
pollock; Parada et al. 2016). Spatiotemporal fluctua-
tions in ACC transport result from variability in along-
shore winds and freshwater inputs from rivers (Sta-
beno et al. 2016a). Therefore, the transport and

retention of larvae within the CGOA and WGOA re-
gions is potentially determined by climate-driven pro-
cesses that influence the timing of spawning and fluc-
tuations in the direction and magnitude of the ACC.
For example, satellite-tracked drifter trajectories show
that changes in ACC transport through Kennedy-
Stevenson Entrance can determine if capelin larvae
are advected through Shelikof Strait into the WGOA
or are transported southward along the eastern side of
Kodiak where current patterns over CGOA banks are
favorable for larval retention (Mordy et al. 2016,
Stabeno et al. 2016a). Survival of capelin through
their first year is also likely influenced by prey avail-
ability associated with spatiotemporal variations
in primary (Waite & Mueter 2013) and secondary
(Coyle et al. 2013) production. Currently, a compre-
hensive understanding of how early-life stage pro-
cesses contribute to the spatiotemporal dynamics of
age 1+ capelin in the GOA is lacking, and is needed to
predict how availability of capelin to predators varies
with dynamic environmental conditions and climate
regimes in the GOA ecosystem.

Although this study did not detect a clear reduction
in suitable habitat for capelin associated with in-
creases in temperature, there are indications that
anomalous warm water events or long-term increases
in ocean temperatures will impact GOA capelin.
Warm water anomalies associated with strong, posi-
tive phases of large-scale climate indices (e.g. E1 Nifio
Southern Oscillation, Pacific Decadal Oscillation;
Zador & Yasumishii 2017) or the North Pacific marine
heatwave from 2014 to 2016 (Bond et al. 2015) did not
occur during the analyzed time period. During the re-
cent marine heatwave, preliminary analysis of Eco-
FOCI trawl survey data from 2015 showed very low
capelin densities in CGOA and WGOA regions
(Zador & Yasumishii 2017). In addition, low abun-
dance of capelin and other small pelagic fishes in 2015
is believed to have been one of the primary contribut-
ing factors to a mass mortality of a capelin predator,
common murres Uria aalge, in the GOA during the
winter of 2015-2016 (Cavole et al. 2016, Walsh et al.
2018). These recent observations, in conjunction with
the historical collapse of capelin following the late-
1970s regime shift (Anderson & Piatt 1999), supports
the hypothesis that capelin are vulnerable to large-
scale warm temperature anomalies in the GOA, and
that reductions in their abundance subsequently im-
pact the energy flow to predators.
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