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ABSTRACT

Context. Establishing baseline environmental characteristics of demersal fish habitat is essential to
understanding future distribution changes and to identifying shorter-term anomalies that may affect
fish density during monitoring efforts. Aims. Our aim was to synthesise environmental data to
provide near-bottom oceanographic baseline information on the Pacific halibut fishing grounds,
to establish geographic groupings that may be used as co-variates in fish-density modelling and to
identify temporal trends in the data. Methods. Water-column profiler data were collected from
2009 to 2018 along the North American continental shelf, during summer fishery surveys focused
on Pacific halibut. Key results. In addition to establishing baseline information on the fishing grounds,
this analysis illustrated that environmental variables can be grouped geographically into four regions
that correspond to the four biological regions established by the International Pacific Halibut
Commission. A spatio-temporal modelling approach is presented as an example of how to describe
the relationship between environmental data and Pacific halibut distribution. Conclusions. This study
has highlighted the efficacy of environmental data in analysing fish distribution and density changes.
Implications. Oceanographic monitoring provides the ability to detect annual anomalies such as seasonal
hypoxic zones that may affect fish density and to establish baseline information for future research.

Keywords: chlorophyll-a, dissolved oxygen, environment, geostatistical model, monitoring, North
Pacific Ocean, Pacific halibut, salinity, temperature.

Introduction

Oceanographic data are collected on various scales and by a variety of means throughout
the North Pacific Ocean. This has led to the creation of long-term datasets, such as the Line P
transect in British Columbia waters where oceanographic data have been collected since
1956 (Tabata and Weichselbaumer 1992), National Oceanic and Atmospheric Administration
(NOAA)-facilitated moorings in the Gulf of Alaska, Bering Sea and Aleutian Islands with
some in operation since the early 1990s (National Oceanic and Atmospheric Administration,
Pacific Marine Environmental Laboratory 2022), and gliders deployed throughout the world’s
oceans that collect water-column profiles as they also move horizontally through the water
(Dunbabin and Marques 2012). Additionally, some studies have considered oceanographic
variables alongside species catch and distribution (e.g. Keller et al. 2017), or species
distributions in relation to climatic conditions (Stevenson and Lauth 2019). The first
10 years of coast-wide oceanographic data collection by the International Pacific Halibut
Commission (IPHC) provides a solid foundation for describing environmental conditions
experienced by older juvenile and adult Pacific halibut in the early part of the 21st
century. The IPHC coincident dataset is unique in that it provides a surface to near-bottom
water-column profile of five key oceanographic variables at each fishing station annually,
beginning in 2009. Not only can this provide information to support studies of large-scale
environmentally driven organism distribution shifts over time, but also informs the study
of small-scale, regional responses of Pacific halibut to various oceanographic changes.
In addition to being uniquely coincident with Pacific halibut catch data, the IPHC
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oceanographic dataset contributes to the larger picture of
documenting oceanographic characteristics in the North
Pacific Ocean and Bering Sea when used alongside other
scientifically collected oceanographic data. Many other
fishery surveys conducted in the North Pacific Ocean collect
elements of oceanographic data, most often temperature. For
example, the NOAA groundfish bottom-trawl surveys in the
northern Pacific and Bering Sea routinely collect surface and
bottom temperature while fishing (National Oceanic and
Atmospheric Administration 2022), providing a coincident
data set that can be used in climatological studies and stock
assessments.

Beginning in 2009, the IPHC annually profiled the continen-
tal shelf water column in summer, collecting surface to near-
bottom pressure, conductivity (salinity), temperature, dissolved
oxygen (DO) concentration, pH and fluorescence measure-
ments. The profiling instruments (Seabird Scientific Model
SBE19plus) were deployed from the Fishery Independent
Setline Survey (FISS) platform (Ualesi et al. 2021), which is a
longline survey that annually fishes stations throughout the
IPHC Convention Area (Fig. 1). The FISS primary target,
Pacific halibut (Hippoglossus stenolepis), is a demersal flatfish,
so the bottom-most measurements from the profilers are
presumed to be indicative of the conditions experienced by
the fish caught on the FISS gear at that location. Extensive
environmental monitoring during the FISS allows for the
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possibility of using environmental covariates as inputs to the
Pacific halibut stock-assessment process and examination of
fish distribution during historically average conditions as well
as during conditions outside the historic ranges. Understanding
the baseline environmental habitat and associated variability is
essential to future analyses.

Currently, the North American Pacific halibut fishery is
managed by a set of Regulatory Areas (Fig. 1) where boundaries
are based on political and management requirements, but do
not necessarily correspond to natural biological groupings
within the stock (Hicks and Stewart 2018). Hicks and
Stewart (2018) found that grouping the Regulatory Areas
into four Biological Regions, as outlined in Fig. 1, helps
explain the subpopulation structure within the larger stock
during analyses. These regions are similar to marine regions
identified in Link and Marshak (2019) for the exclusive
economic zone of the USA in the North Pacific Ocean. Within
regions, Pacific halibut has similar biological and population
processes such as migration patterns, sex ratios, age composi-
tions, size at age and historical trends that, when grouped
together, make up the factors governing bio-complexity.
Preserving bio-complexity of a stock may buffer against
population declines in a variable or changing environment
(Hilborn et al. 2003). The IPHC environmental data-collection
program provides an opportunity to examine whether these
Biological Region designations also encompass similar
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Fig. 1. IPHC Regulatory Areas used for management are shown in grey and Biological Regions used to study Pacific halibut stock

components are indicated in blue for the North Pacific Ocean and Bering Sea.
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groupings of distinct oceanographic conditions experienced
by Pacific halibut on the fishing grounds, such that
environmental co-variates may be used in analyses focusing
on the preservation of stock bio-complexity.

Recent climate-related environmental changes, particularly
in temperature, have been correlated with marine species
movement outside normal ranges of distribution, and model
projections under various climate-change scenarios adopted
by the Intergovernmental Panel on Climate Change (2014)
have shown that species response to increasing temperatures
will generally be poleward as the oceans warm (Morley et al.
2018). Examples of these movements are numerous. Selden
and Pinsky (2019) found that many marine species around
the globe can adapt quickly to changing ocean conditions
such as temperature, and this adaptation in recent years has
resulted in northward relocation for some species as waters
warm. In the Bering Sea, Stevenson and Lauth (2019) found
that certain species shifted further north in warm stanza
years, compared with cold stanza years (Sigler et al. 2016),
on the basis of results from the NOAA Alaska Fisheries Science
Center (AFSC) summer bottom-trawl survey. Off the coast of
Australia, Smith et al. (2019) documented a poleward shift
of a whiting species (Sillago schomburgkii) beginning in
1950, which corresponded temporally to increasing ocean
temperatures in the region. In that study, an intensification
of temperature during a marine heat wave in 2010-2011 led
researchers to conclude that geographically driven spawning
successes and failures were causing the redistribution, as
opposed to the movement of adults to more hospitable habitat.
Oxygen deficits have also been shown to initiate species
distribution shifts when DO concentrations drop below
the minimum tolerance for an animal and if that organism
possesses the ability to respond appropriately, including
relocation to more oxygenated waters just outside the hypoxic
zone or migration out of the area altogether (e.g. Diaz 2002;
Chan et al. 2008). Monitoring responses to environmental
factors may be relevant to local ecosystem dynamics and to
properly interpreting spatial and temporal-based distribution
differences seen in the related fisheries and scientific surveys.

The IPHC uses the output of spatio-temporal modelling of
Pacific halibut survey data to estimate time series of Pacific
halibut density indices, which are then used as an input to
the annual Pacific halibut stock assessment (Stewart et al.
2019), and to estimate the distribution of the stock among
IPHC Regulatory Areas and Biological Regions (Hicks and
Stewart 2018). This modelling approach is useful for inter-
preting survey results for Pacific halibut, because it attempts
to estimate the underlying density process, smoothing the
data in time and space by accounting for temporal and spatial
correlation. It also permits prediction into locations not
covered by the survey stations in a given year. Although
the IPHC does not currently use environmental covariates
as a direct input to the stock assessment, integrating such
information into the spatial-temporal models of density
indices is more straightforward (e.g. Boudreau et al. 2017;

Essington et al. 2022). Including environmental covariate data
as model inputs has the potential to increase the understanding
of ecological processes and interactions (Koenigstein et al.
2016), and improve the general understanding of the drivers of
shifting fishery distribution that are important to managing the
resource (Selden and Pinsky 2019). Environmental covariate
data have been used successfully in recent studies of fish
distribution (e.g. Ibaibarriaga et al. 2013; Bitetto et al. 2019;
Essington et al. 2022). In the current work, we have examined
the efficacy of using environmental variables as covariates in
the spatio-temporal modelling of Pacific halibut survey data
by the IPHC. We anticipate that using environmental data in
this way will help identify the environmental causes for
unexpected distributional changes that otherwise may be
difficult to interpret or are potentially mis-attributed to other
factors (e.g. random variation, fishing vessel differences).

The results of this work will fulfill the following objectives:
(1) establish baseline environmental data for North American
Pacific halibut habitat for older juvenile and adult animals,
(2) evaluate oceanographic-variable characteristics in relation
to IPHC Biological Regions, (3) understand recent oceano-
graphic changes on the Pacific halibut grounds, (4) through
an example, evaluate the possible application of profiler data
in spatio-temporal modelling that is used in the Pacific
halibut stock assessment.

Materials and methods

Oceanographic instrument deployment

Seabird SBE19plus profiling units were deployed just prior to
hauling the longline fishing gear at each FISS station from
2009 to 2018. The FISS was conducted using chartered longline
fishing vessels that deployed standardised longline gear and
bait during the summer months (primarily June, July and
August) along a grid of fishing stations located on the
continental shelf. Profiles were collected during periodic
range expansions into areas and depths not ordinarily
sampled, but only data from those stations scheduled to be
profiled in all years (i.e. core stations) were retained for this
analysis. The profiling instruments were equipped with sensors
that collected measurements of pressure (decibars were used as
a shallow-water proxy for depth in metres), conductivity (from
which salinity in practical salinity units, PSU, were calculated),
temperature (°C), dissolved oxygen (DO, mL L), pH and
fluorescence (mg m3; indicating chlorophyll-a concentration).
A pump ensured consistent sampling throughout the profile.
An anchor weight was attached by 15 m of the fishing vessel’s
buoy line to the bottom of the stainless-steel cage that
surrounded the instruments. Attached to the top of the cage
was a float assembly and buoy line that remained secured to
the fishing vessel throughout deployment (Fig. 2).

Once on station and prior to hauling the longline gear, the
profiler assembly was deployed. The float and weight rigging
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Fig. 2. Schematic of the water-column profiler set-up used for
oceanographic sampling during the IPHC fishery-independent setline
survey. The unit is equipped with floats attached to the top of a
protective frame and a weight attached by buoy line to the bottom
of the frame to ensure a vertical descent and to minimise the risk
that it will affect the bottom.

was designed to accomplish a vertical descent of 1-2 m s™..
Data were recorded at a rate of four readings per second, and
were uploaded periodically to onboard computers. Both
in-season and annual maintenance was performed on the
instruments as recommended by the manufacturer. In 2012,
the anchors of the profiling units were equipped with an
additional depth sensor (Star-Oddi DST logic model) and
analysed in conjunction with the profiler-depth and vessel-
depth sounder instruments to estimate proximity of the profiler
to the sea floor at its deepest reading. The analysis produced an
estimate that the instruments came within 5-15 m from the
bottom, on average, depending on total depth of the station
and likely other factors such as horizontal-current strength
(Sadorus et al. 2016).

Data conversion and preliminary data-quality assessment
and control (QC) of the profile data were accomplished
using Seabird Scientific’s software SBE Data Processing
(ver. 7.26.7, see https://software.seabird.com/). Profiles
were averaged to 1-m bins. No calibration water samples
were collected because of FISS limitations, and variables
were not laboratory calibrated. Data were visually inspected
and QC-edited as needed post-season. Initial accuracy for the
instruments used was as follows: pressure (+0.1% of full-scale
range), temperature (+0.005°C), conductivity (+0.0005 S m™),
dissolved oxygen (+2% of saturation) and chlorophyll-a
(sensitivity of 0.02 pg L™!). Temperature data rarely fell

outside set parameters and the sensors proved stable. Most
problems with salinity data occurred in the upper water
column, and values were stable in the deeper water layer
where the majority of Pacific halibut habitat occurs. Oxygen
and chlorophyll-a values would likely have been improved
with in-season calibration, but were stable overall, i.e. the
sensitivity of the instruments did not appear to drift
considerably between annual calibrations. The pH data are
useful as a general indicator, but are the least reliable of
these data and were not included in this analysis, because
the pH sensors were known to have drift problems. Full
profiler datasets for each year are available for download
from the IPHC website (see https://www.iphc.int/datatest/
data/water-column-profiler-data), and near-bottom measure-
ments for temperature and DO are also available on the
website using the FISS data-visualisation tool (see https://
www.iphc.int/data/FISS-catch-per-unit-effort).

Oceanographic and catch data

Because Pacific halibut is demersal, the deepest readings at
each station were the most indicative of conditions that the
animals in that area were experiencing. Profiles were
excluded from this analysis if it was suspected that the
instrument failed to reach the bottom. The profiler data for
pressure, temperature, DO and salinity were averaged and
binned into 1-m depth increments, checked for accuracy,
and the deepest binned values for each profiler cast were
used in this analysis. Averaging of near-bottom data included
only those stations that had been profiled successfully five or
more times during the 10-year period. Profiler data from 2009
to 2014 were pre-processed by IPHC and, subsequently,
underwent rigorous quality control (QC) processes by the
NOAA Pacific Marine Environmental Laboratory (PMEL)
in collaboration with the University of Washington Joint
institute for the Study of the Atmosphere and Ocean (UW,
JISAO) (Sadorus et al. 2016). More rigorous QC included the
use of various tools to account for pressure reversals owing to
weather and sea conditions, to align data relative to pressure,
and to derive variables (salinity, density, o,, 0xygen saturation).
Data from 2016 to 2018 were processed at the IPHC only.

Chlorophyll-a measurements were averaged within each
1-m depth bin (there were typically 3-5 measurements per
bin), so as to smooth any anomalous readings that may
have been due to movement of the profiler in the current.
Depth-integrated chlorophyll-a density at each station was
estimated by using numerical integration with the trapezoidal
rule over the station depth range, by using the 1-m averages as
input data. Thus,

by Ax
A fO)dx = —={f(xo) + 2f (x1) + 2f (x2)+

R Zf(xn_1) +f(xn)}
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where x;,i=0, ..., n, is the ith depth with mean chlorophyll-a

value of f(x;). In our case, Ax= @ =1, since n, the number
of depth bins, is equal to the depth (m), which equals b, — b,
the difference between the greatest and smallest (bg = 0)
depth at a station. This calculation yielded chlorophyll
(mg m™2) throughout the area. Station outliers were examined
by inspecting the chlorophyll-a pattern across all depths for
that station for reasonable values and by comparing to
nearby stations. Data that did not fit into the pattern examined
were removed. Prior to the calculation, slightly negative
readings within the casts resulting from calibration differ-
ences of the sensor were changed to zero. Only those stations
that had been fished five or more times during the 10-year
period were included.

The spatio-temporal modelling included near-bottom
temperature and DO data collected by the profilers and
Pacific halibut catch data, which were recorded during the
FISS and uploaded to the IPHC relational database post-
season (catch data available at https://www.iphc.int/data/
FISS-catch-per-unit-effort). Catch data were standardised to
weight-per-unit-effort (WPUE) of Pacific halibut with fork
length at least 81.3 cm (~32", the commercial fishery size
limit), i.e. pounds caught per 1800-foot (~1645-m) skate of
fishing gear (International Pacific Halibut Commission 2020).

In total, 10,573 surface-to-bottom useable-quality profiles
were collected for this analysis over the 10-year period from
2009 to 2018. In any given year, a small number of profiler
deployments were missed because of poor weather or data
were discarded post-season because of sensor malfunction.
Following the editing process, 1268 unique stations remained
for use in the analysis, each station having had five or more
useable profiles over the study period. For the spatial-modelling
example of hypoxia (defined here as DO < 1.4 mL L) off the
western coast of USA, all viable stations were included
regardless of the number of times they were sampled over
the 10-year period, such that all useable data available for
2017 and 2018 (years when additional stations were fished
in IPHC Regulatory Area 2A) were utilised.

Statistical analysis

The oceanographic variables of temperature, salinity, DO and
depth-integrated chlorophyll-a were compared across regions
and over the 10-year time period by fitting linear models
(function Im in the ‘stats’ package in R, ver. 3.6.1; see https://
stat.ethz.ch/R-manual/R-devel/library/stats/html/00Index.
html). Residual plots showed that the underlying model
assumptions were met for the temperature and DO data and
no prior data transformation was required. Chlorophyll-a data
were highly skewed and normality and variance stability
(homoscedasticity) were improved with a fourth-root trans-
formation; although these transformations may lack a
biological motivation, they were necessary for insuring the
validity of the statistical inference. Model assumptions were
violated for salinity data regardless of any transformation.

Therefore, the untransformed-data curves were determined
to provide the most useful description of the time-series. Of
those variables examined, overall time trends and compar-
isons among biological regions were estimated by fitting a
sequence of increasing complex linear models (Kunter et al.
2004), with F-tests and Akaike’s information criterion (AIC,
Akaike 1973) used to select the best-fitting model. Analyses
were performed in R (ver. 3.6.1, R Foundation for Statistical
Computing, Vienna, Austria, see https://www.r-project.org/).
We fitted models that assumed a simple linear relationship with
time within each biological region over the 10-year data
period, because our goal was to understand overall temporal
trends (i.e. determining whether the means of these variables
were increasing or decreasing, on average, over time), while
recognising that variation over time is more complex than a
simple linear process (see Supplementary Fig. S1-S4 for raw
data plots).

Spatio-temporal modelling

Spatio-temporal modelling allows for the integration of
environmental information as covariates within models for
catch rate, while accounting for spatial and temporal correla-
tion among the observations. Specifically, we used a delta-
type model (Shelton et al. 2014) in which the probability of
catching zero fish and the distribution of non-zero catches are
modelled as connected spatio-temporal processes for recent
data from IPHC Regulatory area 2A. This area was chosen
to illustrate the potential usefulness of including environmental
covariates in such models for Pacific halibut for the following
two main reasons: its small size means we can fit spatio-
temporal models quickly relative to other management areas,
and notable recent hypoxic events mean we have a least one
covariate that spans a range of values likely to have a clear
effect on Pacific halibut density.

The dependent variable in our models is weight-per-unit-
effort (WPUE), the catch weight of Pacific halibut with fork
length 81.3 cm and over (the commercial size limit) divided
by the number of 100-hook skates set. Whereas we recognise
that WPUE is a function of both density and catchability, for
the purpose of this analysis, we are assuming that WPUE
provides an index of Pacific halibut density (see Discussion).
Let w(s,t) be the IPHC FISS WPUE value at location s (a vector
of coordinates) in year t, where s represents the spatial
locations of the fished survey stations, taking values s, ...,
s, (vectors of coordinates) and t = t;, ..., ty. In our model,
each s; ¢ S, the set of points on the surface of a sphere.
Data from the FISS contain observations of zero WPUE,
owing to stations in low-density areas catching no Pacific
halibut. Two new variables are defined, x(s,t) for presence
or absence of Pacific halibut in the catch and y(s,t) for the
WPUE value when Pacific halibut is present, as follows:

0 w(st)=0
X(st)= { 1 w(st)>0
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w(s,t)=0

NA
y(st)= { w(s,t) >0

w(s,t)

The NA indicates that y(s,t) is a random variable that can
take only non-zero values, and is therefore undefined when
w(s,t) = 0. The variable x(s,t) has a Bernoulli distribution,
x(s,t) ~ Bern(p(s,t)), whereas a gamma distribution is used
for the y(s,t), y(s,t) ~ gamma(a(s,t), b(s,t)), which has mean
u(s,t) = a(s,t) + b(s,t). The gamma is parameterised in terms of
the mean and variance, with only the former allowed to vary;
the variance (aé = a(s,t) + b?(s,t)) is assumed constant over
space and time.

Next, let the £(s,t) be a Gaussian field (GF) that is shared by
both component random variables in the following way:

u(s,t) = IOgit(p(S,t)) =fx(ﬂx7 Z(S,t)) + E(S,t) €N

V(s,t) = log (u(s,t)) =fy (By» 2(s;t)) + Bee(s;t) 2

The parameter f, is a scaling parameter on the shared
random effect. Environmental covariates are introduced
into each model component through f,() and £, (), functions
of a spatially and temporally indexed covariate data matrix
(z) and covariate vectors g, and g,.

Temporal dependence is introduced through a simple
autoregressive model of order 1 (AR(1)), as described in
Cameletti et al. (2013), as follows,

e(s,t) =pe(s,t — 1) +n(s,t)

where p denotes the temporal correlation parameter and
|p| < 1. For a given year, t, the spatial random field, 5(s,t),
is assumed to be a Gaussian field with a mean zero and
covariance matrix X. We assume a stationary Matérn model
(Cressie 1993) for the spatial covariance model, which
specifies how the dependence between observations at two
locations decreases with an increasing distance.

Two covariates that appear linked to Pacific halibut density
were included in the models for data from IPHC Regulatory
area 2A, namely, bottom temperature and DO. Models were
fitted with either linear or quadratic relationships for tempera-
ture, because data exploration throughout the species’ range
indicated that Pacific halibut density can be negatively
affected by both extremely low and very high temperatures.
Thus, for temperature, the most complex model considered
included ST + B2 T? as part of f,() in Eqn 1 and B, T +
By2T? as part of f,() in Eqn 2, where T = T(s,t), the bottom
temperature measurement at location s and year t. We also
considered linear and quadratic models for the relationships
with DO; even though we do not have much data for either the
very lowest or highest values of DO, a linear function
did not appear to adequately describe the relationship.
Thus, p,sDO + f,4D0O? were added as part of f () and
By3DO + B,4DO? as part of f,(). Finally, we also fitted a model
with a different intercept term for DO with values less than

0.9 mL L, which past and current data imply is a cut-off
level in DO below which Pacific halibut catches are almost
always zero (Sadorus et al. 2014). This meant adding the
term f,sI(DO < 0.9) to f,() and S,sI(DO < 0.9) to f,(), where
I() is the indicator function taking value one when its argu-
ment is true and the value zero otherwise. A similar ‘breakpoint’
model was fitted by Essington et al. (2022) to sablefish
(Anoplopoma fimbriadata) data off the western coast of USA,
although they estimated the cut-off level within the model.

Models were fitted in a sequence (Table 1), starting with a
‘base’ model that included depth, a binary variable for latitude
(1 if <40°N, 0 otherwise), and a temporal-trend effect; this is
the model the IPHC fits annually for the purposes of producing
adensity index for use in the stock assessment. We model both
the depth relationship and the trend in a flexible manner by a
random-walk process as described in Webster et al. (2020).
We note that depth, temperature and DO are correlated
(Fig. 3), potentially making it more difficult to interpret the
results of the modelling; both higher bottom temperatures
and higher DO concentrations are found in shallower waters,
although the lowest DO values also most commonly occur in
depths from O to 200 m. This was managed through the
sequential model fitting and selection process, which allowed
us to compare the fit of models with and without each
covariate. The latitude covariate is to account for extremely
low-density habitat at the southern limits of the species’
range that was surveyed only once in 2017; its inclusion
means that the low WPUE predictions south of 40°N persist
throughout the time series, whereas predictions in this region
would otherwise drift towards the long-term mean.

Some station data from the southern end of adjacent IPHC
Regulatory Area 2B were included in the space-time models
because spatial dependence extends beyond the regulatory-
area boundaries and, therefore, such data provide additional
information for IPHC Regulatory Area 2A models. In total,
1265 observations from 2009 to 2018 were used in the
space-time modelling. Fig. 4 shows station locations, with
circle size indicating the sampling frequency over the
10-year period.

Table1. The sequence of fitted covariate models (see text) for spatio-
temporal modelling of catch-rate data in IPHC Regulatory Area 2A, with
descriptions applying to both zero and non-zero model components.

Model Bottom temperature DO

A — base model - -

B Linear -

C Quadratic -

D Quadratic Linear

E Quadratic Quadratic

F — Quadratic

G — Quadratic; intercept differs

for DO < 0.9 mL L
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Models were fitted in R using the R-INLA package (ver.
22.12.16, see https://www.r-inla.org/; Lindgren and Rue 2015),
which uses a computationally efficient Bayesian approach to
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the IPHC FISS. Circle size indicates the number of times each station was both successfully fished and produced
valid water-column profiler data. Stations selected for model prediction are shown in orange.

fitting spatial and spatio-temporal models. Further details are
available in Webster et al. (2020), which includes a descrip-
tion of the process we used for creating a non-convex
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triangulated mesh for the habitat region of interest used by
the INLA approximation in the models. Independent, non-
informative prior distributions were used for the model
parameters, including Gaussian priors for fixed effects and
log-gamma priors for variance parameters.

The fits of the models were compared using the deviance
information criterion (DIC, Spiegelhalter et al. 2002) and a
k-fold cross-validation. For the latter, the data were divided
into k = 5 subsets of equal size. The models were then refitted
with one subset omitted, and the refitted model was used to
obtain predictions of WPUE (posterior means) for each
omitted observation. This process was repeated for each of
the five subsets, providing a prediction for each observation
in the original data set. An overall measure of model fit was
then computed as the mean square error, as follows:

1 .
MSEx= > (WPUEl

obs
i=1

. 2
~ WPUE, )

where WPUE[; - and WPUE] , are the ith observed and
predicted values of WPUE and N is the total number of
observations used in the modelling.

To help compare the observed data with modelled
covariate relationships, we selected 10 prediction stations
spanning the latitude range of the core of the IPHC Regulatory
Area 2A stock north of 42°N (shown as orange circles in Fig. 4).
Means of posterior predictions for these stations for 2013
(chosen as it was an ‘average’ year for mean WPUE over the
2009-2018 period) over a range of covariate values were
calculated and plotted for the best-fitting models.

[\ . ReQION 4B oy

"’3‘ _"'

Temperature (°C)

Region 3

Salinity

45°N |
1
170°E 180°E 170°wW 160°W 150°W 140°W 130°W

Fig. 5.

Results

Measured environmental variables

Mean station bottom temperatures over the study period
(2009-2018) ranged from 0.4 to 10.1°C, with the highest
temperatures consistently occurring off the western coast of
USA, and off Vancouver Island, British Columbia, Canada in
Biological Region 2, and around Kodiak Island, Alaska,
USA, in Biological Region 3 (Fig. 5a). Coldest mean near-
bottom temperatures by station were found in the Bering
Sea, particularly at stations surrounding St Matthew Island
and along the northern Bering Sea continental shelf edge in
Biological Region 4. The highest regional mean temperature
overall was in Biological Region 2 and the lowest in Region 4
(Fig. 5a; Tables 2 and 3). Region 4 displayed the greatest
variability among biological region station means, and
Region 4B displayed the smallest range of variability (Fig. S1).
Mean temperatures over the study decade varied, but there
was strong evidence that the overall trends varied among
regions (Table 4a), with a greater average increase in
Biological Region 4 than other regions (Fig. 6a). A recent
study (Amaya et al. 2023) examining bottom temperatures
in the Gulf of Alaska and Bering Sea supports the finding
that the Bering Sea experienced higher average intensities
of marine heatwave temperatures than in the Gulf of Alaska.

Elevated temperatures corresponding to the marine heat
wave of 2014-2016 (Bond et al. 2015; Gentemann et al.
2017) were detected in the data collected in the near-bottom
waters of Biological Regions 3 and 4 (Fig. S1), although they
were not apparent until 2015. Danielson et al. (2022) found a

Dissolved oxygen (mL L™

o fegign 42

Depth-integrated
chlorophyll-a (mg m™?)

170°E 180°E

170°W 160°W 150°W 140°W 130°W

Maps showing mean oceanographic conditions for each station profiled for the Years 2009—2018 during the IPHC FISS: (a) near-

bottom temperature (°C); (b) near-bottom dissolved oxygen (mL L™); (c) near-bottom salinity (PSU); (d) depth-integrated chlorophyll-a
concentration (mg m~). Maps generated using Ocean Data View software (ver. 4.7, R. Schlitzer, see https;//odv.awi.de).
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Table2. Summary of mean and standard error by Biological Region of near-bottom temperature (°C), dissolved oxygen (mL L™), salinity and depth-

integrated chlorophyll (mg m).

Biological Total Mean depth Temperature Dissolved Salinity (psu) Integrated chlorophyll
Region number (m) (°q) oxygen (mL L) (mg m™)
Mean s.e. Mean s.e. Mean s.e. Mean s.e.

2 3432 155 6.7 0.019 2.8 0.022 334 0.0m 102.2 1700

3 4979 129 59 0.016 5.2 0.021 326 0.009 84.7 1105

4 1499 149 43 0.037 53 0.041 32.8 0.016 18.3 3.437
4B 663 144 47 0.029 49 0.060 333 0.010 158.4 6.585
Total 10,573 59 0.014 438 0.018 329 0.007 99.6 1.004
Table 3. Summary of stations with near-bottom dissolved oxygen ~ following years, whereas minimum temperatures had small

considered hypoxic (<1.4 mL L™) by Biological Region.

Biological region N Percentage of Number of stations
total stations <200-m depth

2 3N 10.8 164

3 64 13 0

4 36 24 0

4B 21 32 1

Total 492 47 165

Table 4. Comparison of a sequence of linear models fitted to (a)
temperature, (b) dissolved oxygen and (c) chlorophyll data collected
coastwide from 2009 to 2018.

Model Residual d.f. df. F-ratio P-value AIC AAIC
(a) Temperature
Intercept 10,567 37,366.1 5162.7
Year 10,566 1 7902 <0.001 36,8721 46687
Year + Region 10,563 3 19280 <0.001 32,2974 94.0
Year X Region 10,560 3 335 <0.001 322034 0.0
(b) Dissolved oxygen
Intercept 9831 13,2357  5117.6
Year 9830 1 363  <0.001 13,2161 5098.1
Year + Region 9827 3 22291  <0.001 8120.6 25
Year X Region 9824 3 28 0.037 8118.0 0.0
(c) Chlorophyll (fourth-root transformed)
Intercept 10,450 211476 14535
Year 10,449 1 4595 <0.001 20,0564 3623
Year + Region 10,446 3 1277 <0.001 19,7373 432
Year X Region 10,443 3 19.0 <0.001 19,6941 0.0

Each F-test compares the fit of the given model with the one on the previous row
to test if the additional complexity improves model fit. AAIC is the difference
between a model’s AIC value and that of the best-fitting model.

similar pattern of delayed warming in continental shelf
bottom waters during this marine heat wave. Maximum
temperatures in those regions decreased notably in the

increases (Region 4) or smaller decreases (Region 3), resulting
in higher mean temperatures.

Mean station DO ranged from 0.7 to 7.6 mL L™! coast wide
(Fig. 5b). The best-fitting linear model for DO included a year
by region interaction (Table 4b), although the AIC difference
between this model and the one without an interaction was
relatively small. Thus, there was some evidence for regional
differences in DO trends over the 10-year study period.
Fig. 6b, showing model predictions for DO, shows slightly
declining mean DO for Regions 3 and 4, whereas DO
increases somewhat, on average, (with high uncertainty)
for Region 4B. Region 2 had notably lower DO than did the
other three regions (Table 2, Fig. 6b, S3), and additionally,
hypoxia was found at both shallow and deep stations in
Region 2, but only at deep stations in the other areas (Table 3).

Fig. 7 shows maps of DO off the western coast of USA, with
the original data being smoothed using a simple exponential
geostatistical model (Cressie 1993) so as to make the DO data
easier to interpret visually. (Our intention is to visually
highlight the hypoxic event in 2017 and therefore the exact
choice of smoother is not important.) In 2017, a large cluster
of stations had near-bottom DO at or below the Pacific halibut
minimum threshold of 0.9 mL L (Sadorus et al. 2014)
detected during the FISS. Pacific halibut was not captured
at stations within the threshold outline, whereas in other
years there were moderate densities within this region. In
2018, low concentrations of DO were also observed over a
wide area further south of the 2017 occurrence. However,
the affected zone typically had low Pacific halibut catch
rates even in years when hypoxia was not present, and the
hypoxic stations were interspersed with stations above the
minimum DO threshold. The indication was that hypoxia
did not have a notable distributional impact in 2018, as it
did in 2017.

Coast-wide mean station near-bottom salinity ranged from
30.8 to 34.1. Biological Region 2 had the highest mean
salinity and Region 3 had the lowest (Table 2, Fig. 5c, S3).
In Region 2, stations with higher mean salinity were both
offshore and inshore, with the southern stations somewhat
uniform and high relative to stations further to the north that
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displayed increasing spatial variability. Region 3 stations that
had higher mean salinity tended to be offshore and lower-
salinity stations tended to be nearshore. In Region 4, lower-
salinity stations were located near-shore in the Gulf of
Alaska and around the Pribilof Islands and St Matthew Island
in the Bering Sea. Higher-salinity stations were located
further offshore at deeper depths and along the Bering Sea
shelf edge. Region 4B stations tended to have salinity in the
higher end of the range seen coast-wide, with minimal
variability. Owing to its bimodal distribution, salinity data
were not conducive to linear modelling, but overall salinity
values were consistent over the 10-year time span, with no
noteworthy temporal trending.

Mean station depth-integrated chlorophyll-a concentra-
tion ranged from 20.3 to 409.8 mg m™2. The coast-wide
average over the 10-year time span was 99.60 mg m™
(Table 2). There was high variability both spatially and
temporally across the geographical range (Fig. 5d, S4). On
average, chlorophyll-a concentrations increased over time
across all regions, but with strong evidence that rates of
increase varied spatially (Table 4c). The plot of back-
transformed predicted means (Fig. 6¢) showed that estimated
rates of increases were much higher in Biological Region 4B
than other regions, which had similar rates of increase.

Spatio-temporal modelling using environmental
covariates

The fitted model with the lowest DIC included DO, but not
temperature (Model G), with DO modelled as a quadratic
function with separate intercept parameters when DO is less
than 0.9 mL L! (DIC = 9887.9, Table 5). The model without
the additional DO intercept parameters (Model F) was only a
slightly poorer fit, with DIC = 9888.3. Although a model with
bottom temperature on its own provided a somewhat better fit
than did the base model (DIC = 9957.8 for quadratic Model C
v. 9961.6, Table 5), much greater improvements in the DIC
were obtained by adding DO and removing temperature.

Almost all temperature measurements were within the range
typically encountered by Pacific halibut (98% of values were
between 4 and 10°C; see Sadorus et al. 2014 for a review of
temperature-range studies), and it seems likely that any
apparent improvement in model fit when adding bottom
temperature to the base model was a result of the strong
correlation with DO (Fig. 3). Whereas all parameter estimates
for bottom temperature had relatively large standard
deviations and were greatly affected by the addition of DO
to the model (even changing sign in Model E; Table 5), DO
parameters have low standard deviations relative to the
mean and were much less affected by whether temperature was
included in the model or not. The k-fold cross-validation MSE
values selected the same model as did the DIC, but ranked
models including temperature more poorly than those that
omitted this covariate.

Fig. 8 plots the observed WPUE data against DO, together
with posterior predicted means of the 10 selected prediction
stations (and 95% posterior credible intervals) for Model
F. Although Model F had almost the same DIC as did the
best-fitting model, it appears that a simple quadratic model
over the whole range of DO values does not capture the drop
to near-zero WPUE as DO decreases below 0.9 mL L!
(Fig. 8a). Likewise, when considering only the binary zero or
non-zero model component (x(s,t)) in Fig. 8b, mean posterior
predicted values of the probability of non-zero WPUE for the
selected stations are much higher than the raw observed
proportions (as calculated over all stations and years). Note
that each point in Fig. 8b and 9b represents a proportion
calculated from between 19 and 131 observations of zeros
and non-zeros.

Model G, with separate intercept parameter for data with
DO < 0.9 mL L7}, does a little better at predicting the low
probability of non-zero WPUE for very low DO (Fig. 9b);
however, when considering WPUE overall (Fig. 9a), predic-
tions are very close to the near-zero observed WPUE values
associated with a very low DO. That this model had almost the
same DIC as Model F is presumably due to the relatively low
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number of observations with DO < 0.9 mL L}, only 5% of the
values used in this modelling. Overall, the quadratic shape
of the prediction curves appears to characterise observed
patterns in the data quite well. However, we note that we lack
a physiological explanation for decreased Pacific halibut
density at high values of DO. This highlights the need for
more data at both high and low concentrations of DO, so as
to provide more confidence in our understanding of the
relationship at both ends of the range of DO values.

Discussion

Modelling of future environmental conditions under climate-
change scenarios indicates that ocean temperatures will
increase overall (Holsman et al. 2018), as they have done in
the period from 1950 to 2009 (Poloczanska et al. 2016), and
recent studies have correlated marine species distribution
shifts, particularly northward, with changes in temperature
(e.g. Pinsky et al. 2013; Morley et al. 2018). Species in the
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Comparison of spatio-temporal models fitted to data in Regulatory Area 2A.

Table 5.

ADIC  MSE,

DIC

Parameter estimates

Model

Non-zero model component y(s,t)

Zero model component x(s,t)

DO
ﬂ y4

DO Temperature

ﬂx4

Temperature

ﬂ y5

ﬂy3

ﬂ y2

ﬂ sy

ﬂxs

ﬁx3

ﬂxz

ﬂx'l

737 2413
2428

9961.6
9960.3

A (base)

724

0162 (0.034)
0.953 (0.463)
0734 (0.471)
—1.017 (0.604)

—0.181 (0.135)

2431
2450

69.9

9957.8

—0.047 (0.028)
—0.052 (0.029)
0.057 (0.038)

—0.115 (0.050)
—0122 (0.055)

1.847 (0.871)
1365 (0.929)
—1481 (0.945)

437

9931.6

0356 (0.070)

0.652 (0.145)
2.857 (0.038)
2.454 (0.335)

(a]

87 2452

9896.6

—0.144 (0.031)
—0.115 (0.022)
—0.105 (0.023)

1.258 (0.194)
1.040 (0.149)
0.948 (0.152)

—0.337 (0.05))
—0.328 (0.050)
—0.267 (0.052)

0.044 (0.054)

2389
2380

04

98883

0.0

9887.9

—0.892 (0.358)

—1491 (0.577)

1973 (0.367)

Relative model fit is compared using the deviance information criterion (DIC), and the MSE, from the k-fold cross-validation. Lower values imply a better model fit. ADIC is the difference between a model’s DIC and

that of the best-fitting model. Parameter estimates (posterior means) of covariate coefficients for temperature and DO (with posterior standard deviations in parentheses below) are shown for each model.

northern Pacific are expected to shift poleward (Cheung et al.
2015) as minimum temperature barriers are breached in the
north and maximum temperature barriers shift northward in
the south. Pacific halibut is routinely found across a relatively
wide depth range (down to 500 m in summer and deeper in
winter) and latitudinal (Fig. 1) ranges. During the 10-year
period of this study, Pacific halibut was caught during the
FISS in temperatures ranging from just below 0°C to just over
13°C, with the median number of fish being caught mid-range
between 5 and 6°C. This range generally agrees with other
studies where adult Pacific halibut was found to occupy
temperatures up to 13.6°C and as low as 1.4°C, with the
middle of the range being the most populated (Best 1977;
Loher and Seitz 2006; Seitz et al. 2007, 2008; Loher and
Blood 2009). As waters warm and possibly exceed the normal
range, temperature-related distribution changes in the future
for Pacific halibut may include poleward expansion or
expansion to deeper depths, driven by a need to maintain
consistent temperature in juveniles and adults, or a geographic
shift in spawning ground success (Smith et al. 2019).

DO concentration in the eastern North Pacific Ocean has
been declining since 1980 (Booth et al. 2014), and the
bottom depth at which hypoxia is detected may be relevant
to demersal species because deep water is more often naturally
low in DO and this feature tends to be more spatially permanent
(Palmier and Ruiz-Pino 2009) than in more shallow water.
Pacific halibut have routinely been found at depths of up to
500 m and, as such, may be somewhat adapted to hypoxia at
deeper depths. Conversely, shallow-water hypoxia on the
continental shelf is often caused by episodic external inputs
to the system, which promote particularly intense phyto-
plankton blooms leading to significant microbial respiration.
These external inputs can include nutrient run-off as seen in
the Gulf of Mexico (Rabalais et al. 2002) or upwelling of
low-oxygen water in eastern boundary currents (e.g. Grantham
et al. 2004). In Biological Region 2, upwelling-driven seasonal
hypoxia has been documented periodically throughout the
historical record on the outer continental shelf of Oregon
and Washington (Connolly et al. 2010). Beginning in 2002,
episodic hypoxia has been documented as a periodic feature
of the inner shelf (Chan et al. 2008) off the USA western coast,
and in these cases, can form in a matter of days (Connolly et al.
2010), displacing predators and mobile prey, and causing
mortality of more slow-moving and sessile organisms. Pacific
halibut has a minimum DO threshold of 0.9 mL L! (Sadorus
et al. 2014), a value periodically reached or exceeded in
Region 2 in both shallow and deeper stations as a result of
the episodic upwelling in this region. The mean near-bottom
DO at a given location may be relevant to its impact on species
in the area. Biological Region 2 near-bottom stations are
routinely lower in DO than are most of the stations in the other
regions (Fig. 5b), making Region 2 particularly susceptible
to hypoxic conditions in the presence of additional factors
that may shift oxygen concentrations progressively lower.
Even though the other biological regions indicated statistical
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differences in DO concentration, the magnitude of the differ-
ences may not be biologically important to Pacific halibut
when DO exceeds hypoxic concentrations (hypoxia defined
as <1.4 mL L~!; Diaz and Rosenburg 1995), as was the case
in Regions 3, 4 and 4B.

The pattern of salinity in Biological Region 2, i.e. uniformly
higher-salinity stations to the south and lower-salinity

stations with higher variability to the north (Fig. 5¢), reflects
the influences of the two current systems contained in the area
(Talley 2002) and the upwelling nature of the region. The
near-bottom salinity at stations in Regions 3 and 4 displays
a pattern of fresher water nearshore, where depths tend to
be more shallow and freshwater runoff is likely to influence
water chemistry, compared with more saline waters that
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exist at offshore stations and at greater depths. The pattern of
salinity in Region 4B is not similar to those of the other
regions. Salinity may be relevant to survival and advection
of Pacific halibut eggs and larvae (Forrester and Alderdice
1973; Riis-Vestergaard 1982); however, it remains unclear
how changes in salinity may affect demersal-stage fish and
further study is needed.

The effect of changes in water column chlorophyll-a
concentration on Pacific halibut has not been determined,
nor is the connection clear more generally between primary
production and predators that occupy higher trophic levels
(e.g. Grémillet et al. 2008; Friedland et al. 2012). There
was evidence of changes over time in the 10-year profiler
time series, and it may be that chlorophyll-a concentration
changes disrupt food-web structure in the lower trophic
levels, which can lead to disruptions of upper trophic levels
occupied by Pacific halibut, but that hypothesis has not
been investigated. Providing a baseline for these measurements
here may benefit future research in this area.

An objective of this analysis was to qualitatively assess
whether biological regions, designed as management tools
to preserve bio-complexity (Hicks and Stewart 2018), also
reflect reasonable geographic groupings based on environ-
mental conditions. Although some overlap of the environmental
factors measured in this study exists, these areas appear to be a
reasonable way of grouping the Pacific halibut North American
habitat from an environmental perspective. In addition to the
factors measured for this study, other environmental differ-
ences among regions may further contribute to the distinctions,
including bathymetric complexity and food-web variations
(Aydin et al. 2007), as well as differences in circulation
systems (Stabeno et al. 2004; Henson and Thomas 2008;
Checklay and Barth 2009). Aligning the biological and
environmental datasets expands the quantity and type of
information available for Pacific halibut stock assessment
by allowing environmental co-variates at both a local and
regional level.

As an example, mapped DO data, together with the results
of the spatio-temporal modelling exercise in IPHC Regulatory
Area 2A, helped identify an environmental cause for a major
distribution shift observed during the IPHC FISS. In this case,
model results confirmed that there was strong evidence that
Pacific halibut density indices were dependent on the DO
covariate, but there was no clear evidence for a relationship
between density and bottom temperature in this region where
extremes in bottom temperatures are relatively uncommon.
We note that Essington et al. (2022) also selected a model
with a cutoff term for DO and without temperature when
modelling sablefish data in the same region. The DO example
in the current work demonstrates how spatio-temporal
modelling can aid in the interpretation of observed patterns of
spatial variation in density, potentially supporting manage-
ment decisions that depend on a clear understanding of
what is driving distributional change.

We note that other authors have argued for alternative
parameterisations of the type of spatial model used in our
work (Thorson 2018) but a model structure with a presence—
absence component, x(s,t), was preferred here, so as to more
easily characterise factors affecting the presence or absence of
Pacific halibut in survey sets. At present, inclusion of
environmental covariates in models of Pacific halibut data
remains at the exploratory stage as we seek to understand
its utility for species management, and future work will no
doubt lead to further refinement of the models.

As has been noted previously (Webster et al. 2020), some
care must be taken in interpreting catch-rate indices and
resulting analytical output, as such indices depend on both
density and catchability of fish. The IPHC attempts to control
factors affecting the latter by using a highly standardised
survey design, including standardised gear and the size and
quality of bait. The IPHC also applies an adjustment for
competition for baits (Clark 2008) that attempts to account
for an important component of spatial and temporal varia-
tion in catch probability of individual fish. Nevertheless,
the current data and modelling approaches cannot parse
out the effects of environmental covariates on density from
those on catchability, and results must be interpreted with
some caution for this reason.

A decade of annual data collection has allowed for the
description of baseline conditions in an era when these
conditions are expected to alter in the future owing to global
climate change (Intergovernmental Panel on Climate Change
2018). In fact, the warming trend detected in this decade of
profiler data reflects a larger trend of warming that is
currently being realised on a global scale. DO in the global
ocean is projected to continue to decline (Breitburg et al.
2018) and waters are expected to freshen at higher latitudes
(Oka et al. 2017), although neither the DO nor the salinity
datasets examined here displayed notable trends. Primary
production is inherently variable and is projected to increase
in the Bering Sea and experience a 10-20% decrease in the
Northeast Pacific Ocean (Holsman et al. 2018). Related to
these changes is a projected increase of extreme episodic
events (Oliver et al. 2018) such as marine heat waves, such
as the one experienced in the northern Pacific beginning in
2014 (Bond et al. 2015). Changing conditions at deeper
depths may be delayed compared with the surface ocean,
such that demersal species may experience environmental
changes differently from pelagic-dwelling species (Amaya
et al. 2023), making a baseline near-bottom dataset particularly
relevant to both the Pacific halibut stock assessment as well as
those involving other demersal continental shelf species in the
northern Pacific.
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