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Abstract

Widely distributed pelagic fish populations underpin some of the largest fisheries
globally and play a critical role in ecosystem dynamics by driving nutrient cycling and
carbon transfer through vertical and seasonal migrations. Effective fisheries
management requires understanding their spatial distribution, abundance, size
structure, and the environmental factors that drive temporal variations, especially in
the context of climate change. Here, we investigate the population structure of blue

whiting (Micromesistius poutassou) in Icelandic waters using Bayesian hierarchical
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spatiotemporal models applied to bi-annual demersal survey data (1996—-2023), which
included 15,788 samples. Our results show that blue whiting occurrence, abundance,
and size structure are influenced by physical (depth, bathymetric slope),
environmental (SST, SBT), and temporal (time of day, year, season) factors. We
identify three main spatial patterns: (1) persistent aggregations along the southern
shelf and Iceland-Faroes Ridge, intensifying in spring; (2) marginal transition zones to
the northwest and northeast with spatiotemporal variability; and (3) fringe
subpopulations in the north. These findings suggest that migration from the dominant
Northeast Atlantic population primarily drives autumn distributions, while partially
resident juveniles persist in local nursery areas on the southern and western shelf
year-round. This study provides vital knowledge for sustainable management on blue

whiting stock level responses to future climate change.

Keywords: Distribution, abundance, population structure, Micromesistius poutassou,

INLA, northeast Atlantic

1. Introduction

Marine fish populations exhibit significant variation in distribution, abundance, and
demographic composition over time and space. Understanding these patterns can
reveal population responses to environmental pressures and highlights spatial
boundaries or structures among population units (Baudron et al. 2020, Cadrin et al.
2023). Such insights are crucial for understanding metapopulation dynamics and
species biocomplexity (Smedbol & Stephenson 2001, Hilborn et al. 2003). In the

northeast (NE) Atlantic, widely distributed pelagic fish, such as capelin (Mallotus
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villosus), mackerel (Scomber scombrus), herring (Clupea harengus), and blue whiting
(Micromesistius poutassou) occur in high abundance, possess extensive dispersal
potential, and undertake large-scale migrations (Trenkel et al. 2014). These
characteristics obscure complex population structures when viewed at broad regional
scales, blurring distinctions among migratory and resident groups (Ciannelli et al.
2013). Recognizing and accounting for these complexities on both regional and local
scales is thus crucial for building resilience against anthropogenic and environmental
pressures, guiding sustainable fisheries management and informing effective

conservation strategies (Kerr et al. 2017, Kearney & Hilborn 2022).

Blue whiting is an abundant, benthopelagic gadoid fish that is widely distributed across
the north Atlantic and Mediterranean. In the NE Atlantic, they primarily inhabit depths
of 200 to 600 m along the continental shelf-break and slope (Bailey 1982, Pointin &
Payne 2014). Dominant spawning aggregations occur over the Porcupine Bank, the
outer Hebrides, and Rockall Bank, west of the British Isles (Bailey 1982, Miesner &
Payne 2018). They undertake extensive seasonal migrations into productive feeding
areas, south along the European Shelf into the Bay of Biscay (Brophy & King 2007),
northeast into the Norwegian Sea, and northwest of the Faroes, onto the Iceland and
Greenland Shelves (Heino et al. 2008, Hatun et al. 2009a, Post et al. 2019). The
northwestern branch of the distribution features dynamic environmental gradients and
distinct oceanographic features, which could play a crucial role in shaping blue whiting
population dynamics (Pampoulie et al. 2024). This region is shaped by the interaction
between warmer northward-flowing Atlantic waters with colder Arctic inflows along the

steep shelf-slope boundaries of the Greenland—Scotland Ridge (GSR) (Logemann et
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al. 2013). Understanding these factors is essential for identifying species distribution,

migration patterns and subpopulation structures in this area.

Blue whiting holds crucial ecological significance in the NE Atlantic ecosystem, serving
as both predator and prey. They undertake diel vertical migrations, contributing to
vertical energy transport in the water column (Johnsen & Godg 2007, Trenkel et al.
2014). They consume high-energy zooplankton and mesopelagic fish species, and
provide sustenance for apex predators, including commercially valuable fish such as
mackerel and cod (Gjgseeter et al. 2009, Dolgov et al. 2010, Palsson & Bjarnasson
2011, Bachiller et al. 2016). Through their migratory and diel vertical movements, blue
whiting connects temperate and polar ecosystems, and link surface production to the
deep-sea (Trenkel et al. 2014). Economically, blue whiting supports large fisheries,

with annual catches of 1.1 to 1.7 million tonnes since 2014 (ICES 2023).

Despite their ecological and economic importance, research has predominantly
focused on the main spawning aggregation, and the population structure of blue
whiting remains poorly understood. Studies on genetic variability (Gisever & Stien
1998, Ryan et al. 2005, Was et al. 2008), otolith shape (Keating et al. 2014, Mahe et
al. 2016), otolith microstructure (Keating et al. 2014), egg and larval dispersal (Bartsch
& Coombs 1997, Skogen et al. 1999), and spatial-temporal distribution of early life-
history stages (Kloppmann et al. 2001, Pointin & Payne 2014) suggest a complex
population structure with spatial and temporal variability. Evidence points to both a
dominant migratory population, and localised resident subpopulations in areas like the
Mediterranean, Romsdalsfjord (Norway), and the Barents Sea (Giaever & Stien 1998,

Ryan et al. 2005). However, limited research exists on subpopulations in lcelandic
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waters. Anecdotal evidence of recruitment in Icelandic and Greenland waters has
indicated the potential for a distinct population with a separate spawning source from

the main Hebrides-Norwegian stock (Sveinbjornsson 1975, Post et al. 2019).

Research surveys monitoring abundance and distribution of fish stocks offer a
valuable opportunity to gather critical baseline information on the spatial patterns of
blue whiting in the region. The insights derived from these surveys can significantly
enhance our understanding of the species' population structure (Lindegren et al.
2022). This study focuses on investigating the population structure of blue whiting
around Iceland, with particular attention to how environmental factors shape their
occurrence, abundance, and size. We examine the spatial and temporal dynamics of
blue whiting populations while accounting for environmental variability, physical
factors, and seasonal and interannual variation. Our analysis aims to determine
whether these patterns indicate the presence of subpopulation structures. To achieve

this, the study is guided by four key objectives:

(1) Environmental and physical drivers: Identify the primary environmental factors
influencing blue whiting occurrence, abundance, and size structure in Icelandic
waters.

(2) Spatial persistence: Assess the consistency of blue whiting occurrence,
abundance, and size structure across different regions within Icelandic waters.

(3) Temporal dynamics: Analyse changes in occurrence, abundance, and size
structure of blue whiting populations over time.

(4) Population substructure: Integrate spatial and temporal findings to evaluate the

potential existence of distinct population substructures.
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By highlighting the potential population substructures of blue whiting in Icelandic
waters, this study aims to deepen our understanding of marine ecosystem dynamics
and contribute to more effective fisheries management strategies. The findings will not
only advance the scientific knowledge of blue whiting population dynamics but also
provide crucial evidence to support policymakers in developing targeted conservation
efforts, enhancing the resilience of the NE Atlantic ecosystem against climate change

and other human-induced pressures.

2. Materials and Methods

2.1. Study Area

The study area encompasses the highly productive waters of the Iceland Shelf and
slope, situated in the northeast Atlantic between 62-68°N and 8-30°W (Figure 1). The
Iceland Shelf, ranging from 15 to 500 m in depth, extends 100 to 150 km from the
coast of Iceland towards the west, north, and east, narrowing in the south where it
deepens into the Iceland Basin (IB) (Astthorsson et al. 2007). A key topographical
feature is the GSR, which forms a boundary between the southern/western and
northern/eastern parts of the Iceland Shelf, providing a continuous link between the
Greenland, Iceland, and European Shelves (Pampoulie et al. 2024). The southeast
portion of the GSR, known as the Iceland-Faroe Ridge (IFR), connects the Iceland
Shelf to the European Shelf. To the northwest, the Denmark Strait (DS) separates the
broad western Icelandic shelf from the Greenland Shelf. In the south, the Reykjanes

Ridge (RR), part of the Mid-Atlantic Ridge, forms the western boundary of the narrow
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southern shelf as it broadens and deepens into the Irminger Sea. North of Iceland, the
Kolbeinsey Ridge (KR), a continuation of the Mid-Atlantic Ridge, extends through the

northern lcelandic waters, with the Iceland Sea to the NE.

These geological features shape oceanic circulation and water mass distribution
around the Iceland Shelf, leading to distinct oceanographic regions (Astthorsson et al.
2007, Logemann et al. 2013). The southern areas are influenced by the warm and
saline North Atlantic Drift (NAD) and the Irminger Current (IC), with temperatures
ranging from 6 to 11°C. In contrast, the northern regions are affected by the cold and
low saline waters of the southward-flowing East Greenland Current (EGC) and the
East Iceland Current (EIC), where temperatures range from below 0 to 2°C.
Additionally, a branch of the IC flows northward around the northwest peninsula,
impacting the northern Icelandic shelf and contributing to the distinct oceanographic
fronts found to the west and east of Iceland, where warm and cold waters converge.
Modelling studies provide further evidence of these complex circulation patterns,
highlighting their role in shaping the distribution of water masses and ecological zones
(Logemann et al. 2013). Mean annual primary production and zooplankton densities
are generally higher in the Atlantic water compared to the more variable waters north

of Iceland (Astthorsson et al. 2007).

2.2. Survey Data

Data on blue whiting occurrence, abundance, and length were collected during annual

groundfish surveys on the Icelandic continental shelf and slope, conducted by the

Marine and Freshwater Research Institute (MFRI) from 1996 to 2023. These surveys
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took place in two seasons: Spring (late February to early April) and Autumn (mid-
September to early November). During the spring surveys, 509 to 596 stations were
sampled each year at depths ranging from 17 to 509 m (n = 15,788). Spring surveys
were originally designed for monitoring of shelf-based demersal fish species, such as
cod. In autumn, 290 to 400 stations were sampled annually at depths between 26 and
1452 m (n = 9,928). These surveys extended the distribution of the spring surveys into
slope-based waters for the monitoring of deep-water redfish populations. All surveys
employed a standardized research bottom trawl with a 40 mm stretched mesh size in
the cod end (Solmundsson et al. 2020, Jonsdottir et al. 2023a). The trawl net had
vertical and horizontal openings of 2-3 m and 17 m, respectively. Trawling was
conducted at a towing speed of 3.8 knots over four (spring) and three (autumn) nautical
miles. For each trawl station, the date, time, geographic coordinates (latitude and
longitude), and depths were recorded at both the start and end points. At each station,
the number of individual blue whiting was recorded, and fish were measured down to
the nearest centimetre. For trawl catches exceeding 100 individuals, a random
subsample was selected to measure length distributions at each station. The
subsample size was determined based on the observed length range, with at least two
individuals sampled for each centimetre of the length interval (e.g., a range of 5-30
cmyields a 25 cm interval, so 50 individuals are sampled). A minimum of 20 individuals
was used when the length range was narrow. This subsample was then extrapolated
to the total catch to estimate the numerical catch for each length class. To standardize
abundance estimates, abundance-at-length values were adjusted for differences in
the swept area, resulting in numerical catch-per-unit-effort (NPUE) data

(number.cm.tow™).
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Although bottom trawl surveys are standardized, they are not specifically designed for
benthopelagic species like blue whiting, potentially underestimating their true densities
(Walker et al. 2017, Lindegren et al. 2022). However, the ICES working group for
widely distributed stocks (WGWIDE) considers bottom trawl survey data reliable for
assessing one-year old fish abundance (ICES 2023), and similar data have been
effectively used to study blue whiting distribution in the Barents Sea, Greenland,
Portugal, and wider NE Atlantic (Heino et al. 2008, Gongalves et al. 2017, Post et al.
2019, 2021, Fernandes et al. 2020). Additionally, our models separately accounted for
occurrence and abundance, capturing distinct drivers for each. This separation
improves reliability by addressing potential biases in trawl catchability, where
occurrence reflects habitat suitability, and abundance accounts for relative density
variations within suitable areas. However, it is important to note that occurrence
models estimate observed presence based on trawl catch data, which may be subject
to imperfect detection. As such, zeros in the data may not always represent true
absences. As a result, estimated occurrence probabilities may be biased downward,
especially in areas or times where detection rates are low. This limitation should be

considered when interpreting habitat suitability.

2.3. Covariates

Eight covariates were considered to describe the spatial-temporal patterns in the
occurrence, abundance, and length distributions of blue whiting on the Icelandic shelf
and slope: (1) Depth (m); (2) bathymetric slope (°); (3) solar time; (4) sea surface
temperature (SST; °C); (5) sea bottom temperature (SBT; °C); (6) salinity (psu); (7)

chlorophyll (mg.m=3); and (8) year. All data extraction, manipulation, processing,
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exploration, and analyses were performed using R software, version 4.3.0 (R Core

Team 2023).

Depth was calculated as the mean of recordings taken at the start and end of each
trawl station. If depth measurements were unavailable, values were extracted using
the ‘marmap’ package (version 1.0.10), which provides gridded bathymetry compiled
from observed depth soundings sourced from NOAA's ETOPO1 dataset, combined
with spatial interpolation to fill data gaps (Pante & Simon-Bouhet 2013). Bathymetric
slope was extracted at the midpoint coordinates of each trawl station using the ‘raster
package (version 3.6-32), which computes slope angles in degrees from elevation
differences between raster cells (Hijmans 2023). The 'time of day' was adjusted to

local daylight hours using the ‘solartime’ package (version 0.0.4) (Wutzler 2021).

Data for SST, salinity, and SBT were extracted from the Global Ocean Physical
Reanalysis (GLORYS12V1) and chlorophyll from the Global Biogeochemical Hindcast
(BIORYS2 V4) products, supplied by the Copernicus Marine Environment Monitoring
Service (CMEMS), implemented and operated by Mercator Ocean. GLORYS data is
a global ocean eddy-resolving reanalysis covering altimetry from 1993 onwards. Data
are available as daily or monthly averages distributed on a standard regular grid at
1/12° latitude-longitude resolution from the ocean surface to the seafloor (50 depth
levels). BIORYS data provides daily or monthly average measurements at a horizontal
resolution of 1/4° across 75 vertical depth levels. CMEMS environmental data are
designed to provide a realistic representation of environmental and biogeochemical
information, validated against in situ observations (Le Traon et al. 2019). These

datasets have been widely applied and validated for marine fisheries research (Post

10
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et al. 2021). We utilised monthly mean estimates during the main survey periods
(autumn: October; spring: March), aligned with the nearest midpoint coordinates for
each trawl station (Figure S1, Figure S2). Monthly means were chosen to reflect the
broader environmental context experienced by blue whiting populations during these
seasonal periods, considering their potential for movement. This approach also
reduces noise from short-term temporal variability around individual trawl dates,

providing a more stable characterisation of habitat conditions.

Mean SST, salinity, and chlorophyll were extracted from surface layers (5-50 m) to
maximise the reliability of satellite-derived data. Although these surface variables may
not precisely represent conditions at the depths where blue whiting were caught, they
provide a robust relative index capturing the separate surface currents and water
masses at the spatial and temporal resolution of this study. Given the diel vertical
migrations of blue whiting, surface conditions are assumed to influence their

distribution during at least part of the day.

Explanatory variables were explored for outliers, and the presence of collinearity using
plots, Pearson correlation coefficients, and variance inflation factors (VIF) according
to standard protocols (Zuur et al. 2010). Continuous explanatory variables were
standardised (difference from the mean divided by the corresponding standard
deviation) to avoid numerical estimation problems and improve interpretation of the

parameters.

2.4. Statistical analysis

11
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2.4.1. Model framework and fitting

We applied hierarchical Bayesian spatial-temporal geostatistical models that account
for barriers (Bakka et al. 2019) to estimate and predict the probability of occurrence,
mean abundance, and mean length of blue whiting in response to environmental and
spatial-temporal predictors (Objective 1). We fitted the models using the integrated
nested Laplace approximation (INLA) approach, implemented via the ‘R-INLA’
package (version 25.03.24) (Rue et al. 2009, Lindgren & Rue 2015). Independent
analyses were undertaken for the spring and autumn fishery surveys. The response
variable used to characterise the abundance of blue whiting was continuous, with a
high prevalence of zeros (autumn = 14.3% and spring = 53.8%), and high levels of
dispersion (i.e. with few outstandingly large catches). Therefore, a ‘hurdle’ modelling
approach was employed, analysing two different response variables to describe the
distribution of blue whiting. First, the occurrence (Yst), of blue whiting at location s and
time t, was modelled using a Bernoulli distribution. Second, for positive observations
only, the NPUE (Zst) was used as an indicator of conditional-to-presence abundance,
modelled using a gamma distribution with a log link. Lastly, we calculated the
conditional-to-presence mean length (Ust), weighted by the proportional density in

each length class of a station, and modelled using a Poisson distribution:

Y., ~Bernoulli(mg,)
logit(nst) = a(y) + f(xs) + VS(Z) + ni(c‘i/zst) (1)
Gamma(ug, k) if Yoo =1
ZstN i =
0 if Yoo =

12
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log(use) = a® + f(x) + v + ) @)
Uon { Poisson(Ag) if Yoe = 1
st 10 if Yoo = 0

log(As) = a®@ + fxs) + vs(;]) + 77i(cll]()st) (3)

Here, st represents the probability of occurrence, linked to the linear predictor using
a logit link function; ug; denotes the mean NPUE with k as the shape parameter of the
Gamma distribution, accounting for extra variation; and A,; represents the mean
length. The parameters a™), a@, aV) are the model intercepts. Smooth terms f(xs) were
included for explanatory variables using cubic regression splines (cyclic cubic
regression splines for solar time), constructed as basis functions using the ‘mgcv’
package (version 1.9-1) (Wood 2017). The basis functions form the underlying
structure of the smooth curves and were fitted as linear terms in the model (Zuur &
leno 2018). The number of knots ranged from 4-8, selected through backward
selection and capped at a maximum of 10 knots to retain biological interpretability.
Smooth terms were applied to the full dataset without an interaction for year, and

therefore represent time-invariant effects that reflect average relationships across the

™) )

ia(sty Mia(sey> and

study period. Random effects for trawl identity (id) are denoted by n

ngg()st), modelled as independent and identically distributed (iid) effects. The non-

stationary spatial-temporal correlated random effects (SRF) for fish occurrence,

abundance, and mean length, v, v& and v, were modelled using the stochastic

v Ust 0 Vst st
partial differential equations (SPDE) approach (Lindgren et al. 2011). The spatial effect
was modelled as a continuously indexed Gaussian field, approximated with a Matérn
covariance function using a Gaussian Markov random field (GMRF). A Delaunay

13
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triangulation, forming a dense triangular mesh, was constructed on the spatial domain
to serve as the structure for representing the field (Figure S3). The mesh was
constructed with a minimum vertex gap (‘cutoff’) of 24 km. A coastline physical barrier
was applied, assuming the spatial range (distance at which two data points are
effectively independent) was 0.1 of the in-water range (Bakka et al. 2019). This barrier
model causes spatial correlation to decay ten times faster with distance across land
than water, effectively forcing it to navigate around the barrier. Finally, an outer
extension was included in the mesh to avoid a “boundary effect”, which can be evident

through increased variance at the borders of the mesh (Lindgren & Rue 2015).

We explored persistent, and opportunistic spatial-temporal patterns for each of the six
models described above (three models each for spring and autumn surveys), following
the terminology of Paradinas et al. (2020). A persistent pattern was modelled using a
single spatial effect for all years, with temporal variations captured by an additive
temporal trend for year. An opportunistic pattern involved different and uncorrelated
spatial effects for each year, along with an additive temporal trend that captures

changes in intensity.

Default priors were assigned to all fixed-effect parameters, designed as
approximations of non-informative priors to minimize their influence on the posterior
distribution. Penalized complexity (PC) priors were applied to the SRF parameters —
specifically to the range and marginal standard deviation (Simpson et al. 2017,
Fuglstad et al. 2019). These priors provide a principled way to avoid overfitting by
shrinking model components toward a predefined base model (e.g. no spatial or

temporal structure) unless the data strongly support added complexity. PC priors were

14
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defined such that the probability of the spatial range exceeding a specified threshold,
and the marginal standard deviation exceeding a specified value, was constrained to

small, predefined values (Table 2).

2.4.2. Model selection and validation

Models with varying covariates and spatial-temporal effects were compared using
stepwise backward selection based on the lowest Deviance Information Criterion (DIC;
Spiegelhalter et al. 2002), and the widely applicable information criterion (WAIC;
Watanabe 2010). We also employed the sum of the log Conditional Predictive Ordinate
(CPO) values, derived through leave-one-out cross-validation, as a measure of model
fit, with a higher sum indicating better predictive performance (Gneiting & Raftery
2007). Due to strong collinearity among SST, SBT, salinity, and chlorophyll, each of
these covariates was first tested independently in simplified models to identify the
best-performing variable according to the selection metrics. The variable yielding the
best model fit was then included in a full starting model alongside all other relevant
environmental and spatial covariates (e.g., depth, slope). From this starting point,
backward selection was performed by iteratively removing variables to minimize DIC
and WAIC while maximizing CPO. This approach ensured collinearity issues were

avoided, and the fixed effects component was optimally specified.

For model validation, we simulated 1,000 sets of regression parameters from the
posterior distribution of the model fit, which were then used to generate predicted
values. These predicted values were subsequently used to simulate 1,000

corresponding datasets using the ‘VGAM’ package (version 1.1-13) (Yee 2023). For

15
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the spring and autumn occurrence (Bernoulli distribution) models, we created an
average classification table to evaluate model performance in predicting presence-
absence relative to the observed data (Error! Reference source not found.). For the
abundance and length (Gamma distribution) models, average frequency tables were
constructed from the simulated datasets for comparison with the observed data
(Figure S4). Additionally, the sum of the squared Pearson residuals (dispersion
statistic) for the observed data was compared with that of the simulated datasets. We
further performed residual diagnostics using the ‘DHARMa’ package (version 0.4.7)
(Hartig 2022), utilizing the 1,000 simulated fitted values to check for systematic
patterns and to confirm the appropriateness of the model fits. This process included
plotting residuals against fitted values and versus each covariate in the model. Sample
variograms were also constructed to assess spatial-temporal dependency for each

model fit.

2.4.3. Spatial-temporal predictions and variability

To generate spatial predictions, we constructed a regularly spaced grid with a 10 x 10
km resolution across the study area, chosen to balance computational efficiency with
the spatial precision needed to capture key environmental and spatial patterns. We
retained only grid cells located within 30 km of trawl stations and excluded those falling
within the barrier region defined by the spatial mesh. Covariates were estimated for
each grid cell as outlined in Section 2.3. To ensure consistency with the fitted model
structure, the same spline basis functions used during model fitting were applied to
the predictor variables at each grid cell, so that predictions reflected the smooth,

nonlinear relationships learned during model training. We then created a projector

16
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matrix using a spatial mesh approach to accurately map grid cell coordinates to model
parameters, ensuring the spatial structure of the data were incorporated. To account
for model uncertainty and generate predictions, we simulated 1,000 sets of regression
parameters from the posterior distribution of the model fit. These parameter sets were
used to predict the occurrence, NPUE, and mean length of blue whiting, incorporating
both predictor variables and spatial-temporal random effects (accounting for grid cell
locations across different years). The final predicted values were obtained by taking

the mean of the 1,000 predictions generated for each grid cell for each year.

To address our primary objectives of examining spatial persistence, variability, and
temporal trends, as well as their implications for identifying population substructure,
we summarized the spatial-temporal predictions following the methodology described
by Lindegren et al. (2022). For spatial persistence and variability (Objective 2), we
estimated the predicted occurrence, abundance, and length of blue whiting during the
spring and autumn by calculating the median and coefficient of variation (CV) for each
grid cell across the time series. Prior to analysis, NPUE predictions were log10-
transformed to stabilize the variance and mitigate potential biases from hauls with
extreme values. For nursery area identification, fish were interpreted as small (<22
cm, immature) or large (222 cm, mature) based on the proportion of mature individuals

across length classes (Jacobsen et al. 2024).

To investigate spatial variability in temporal trends of occurrence, abundance, and
length distributions (Objective 3), we employed two approaches. First, we performed
linear regression for each grid cell, using the predicted probability of occurrence,

log10-transformed abundance, and mean length as response variables, with year as
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the predictor. The slope of the regression line was used to assess long-term trends,
with positive slopes indicating increases and negative slopes indicating decreases in
these metrics over time. Second, we conducted a Principal Component Analysis (PCA)
on the covariance matrix of the predicted probabilities of occurrence, log abundance,
and mean length. We extracted the first principal component (PC1) loadings to identify
regions exhibiting similar long-term trends, revealing potential spatial-temporal

patterns in subpopulation distribution.

2.4.4. Detecting population substructure

To identify potential subpopulations and delineate spatial patterns in blue whiting
distribution (Objective 4), we conducted a clustering analysis using spatial persistence,
variability, and temporal variables derived from occurrence, abundance, and length-
based models using the ‘cluster’ package (version 2.1.8) (Maechler et al. 2024). This
analysis was performed independently using two approaches: PCA and temporal trend

analysis based on slopes from linear regression models (Lindegren et al. 2022).

To incorporate geographic relationships into the clustering, we calculated pairwise
Euclidean distances between grid cell coordinates to create a spatial distance matrix.
This matrix captures the relative proximity of grid cells and was integrated into the

clustering process to ensure that spatial patterns were appropriately considered.

The first clustering analysis (‘PCA’) used variables derived from the median values,
coefficients of variation, and the first principal component (PC1) loadings for

occurrence, abundance, and mean length. All variables were standardized before
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calculating the Euclidean distance matrix to ensure equal contributions to the
clustering. We then combined this distance matrix with the spatial distance matrix,
applying a weight factor of 5% to the spatial component (Lindegren et al. 2022). This
was undertaken to prioritize ecological patterns in the clustering process. Hierarchical
clustering was performed using Ward's method, which iteratively merges clusters by
minimising the total within-cluster variance to create compact groups (Murtagh &

Legendre 2014).

The second clustering analysis (‘Linear temporal trend’) used variables derived from
the median values, coefficients of variation, and the slopes of linear regression models
fitted to each grid cell. Following the same procedure, we standardized these variables
and calculated the Euclidean distance matrix. The ecological distance matrix was then
combined with the spatial distance matrix using the same weighting factor, and

hierarchical clustering with Ward's method was applied.

To determine the optimal number of clusters, we used a combination of dendrogram
plotting and silhouette analysis using the ‘factoextra’ (version 1.0.7) (Kassambara &
Mundt 2020). The silhouette method evaluates how similar each point is to its own
cluster compared to other clusters, providing a measure of cluster validity. We
calculated silhouette widths for each possible number of clusters to assess cluster
cohesion and separation, identifying the optimal number of clusters based on the
highest average silhouette width, which indicated the most coherent clustering

structure.
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3. Results

3.1. Model Selection and Seasonality

Models including SST and SBT consistently outperformed those with salinity and
chlorophyll across most metrics, with differences exceeding 1% and reaching up to
128% (Error! Reference source not found.). Final models included year, time of day,
depth, SST, and bathymetric slope, except for the spring length model, where
bathymetric slope was excluded due to limited deepwater data. Model selection
favoured opportunistic temporal structures for all seasons, highlighting dynamic

distribution shifts over time.

Mean (baseline) probability of occurrence, abundance, and length were lower in spring
than in autumn. The probability of occurrence in spring (0.11, Cl: 0.08-0.14%) was
only 11% of that in autumn (0.96, Cl: 0.92—0.98). Similarly, baseline abundance in
spring (0.070, CI: 0.06-0.08) was 28% of autumn levels (0.25, Cl. 0.22-0.29).
Estimated length was 12% greater in autumn (28.19 cm, CI: 27.85-28.53 cm) than in

spring (25.10 cm, Cl: 24.63—-25.58 cm).

3.2. Occurrence

Trends in blue whiting occurrence across years were consistent between spring and
autumn surveys, with an increase from 1996 to 2003, followed by a decline until 2009
(Figure 2, Figure S5). A strong recovery followed (2009-2014), with subsequent

fluctuations. Occurrence was highest at SST >8.0°C (SBT >6.0°C) in autumn, and SST
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>6.0°C (SBT >4.5°C) in spring (Figure S6). No upper temperature limit was observed,
as occurrence continued to rise at the highest recorded SST (9.0-10.0°C) and SBT
(8.0-10.0°C). Depth preference ranged from 250—-600 m in autumn and 250-500 m in
spring, though limited spring sampling beyond 500 m prevented confirmation of an
upper depth limit. In autumn, occurrence was highest at intermediate slopes (0.5—
1.5°), though slope effects did not show clear patterns during the spring. Occurrence
peaked between 20:00 and 05:00 in the spring, with weaker nocturnal trends in

autumn.

The spatial random field (SRF) captured spatial variability unexplained by fixed effects,
revealing consistent positive effects (hotspots) along the southern and eastern shelf,
and negative effects (depressions) north of Iceland (Figure S7). These patterns
showed localised variation over time, including intensified hotspots (e.g. southeast in
1996, 2006, 2019), expansions (e.g. to the west in 2013), and strong depressions
dissecting the northern shelf (e.g. 2000, 2014, 2016, and 2023). Taking all variables
into account, model predictions revealed persistent blue whiting occurrence in
southern shelf waters (Median probability > 0.75, CV > 0.5), particularly along the
Iceland-Faroe Ridge (IFR), extending over the narrow shelf south of Iceland,
southwest over the Reykjanes Ridge, along the west coast of Iceland and towards the
East Greenland Shelf (Figure 3A, B). Intermediate occurrence (Median probability =
0.25-0.75) was observed on the northern shelf, though with higher variability (CV > 1,
Figure S8). Temporal dynamics quantified using PC1 loadings (34.33% of variability)
revealed a distinct northwest-to-southeast axis across Iceland (Figure 4A). Temporal

dynamics followed different trajectories in these regions, with localized variability.
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Linear trends showed no clear regional patterns, instead indicating local-scale

variations (Figure 4B).

In spring, the SRF was more fragmented with an absence of clear broadscale patterns,
instead characterised by localized hotspots and depressions around the Icelandic
shelf (Figure S9). Opportunistic hotspots emerged in the northeast (1998, 2000), the
west (2014) and northwest (2022), while a strong depression persisted from 2009 to
2011 in the southeast. Model predictions revealed that occurrence contracted relative
to the autumn, yet persistent areas (Probability > 0.75, CV < 1) remained along the
southern shelf edge, in particular, the Iceland-Faroes Ridge, southwestern and
western shelf (Figure 5A, B). Intermediate occurrence (Median probability = 0.25—
0.75) was found on the southern inner shelf and the northern shelf edges, though
these fringe areas showed greater annual variability (CV > 1.5; Figure S10). Temporal
dynamics captured by the PC1 loadings (52.86%) did not reveal a clear temporal
structure across the study area (Figure 6A). However, linear trends showed a general
increase in occurrence probability along the IFR, southern, and southwestern shelf

(Figure 6B).

3.3. Abundance

Annual blue whiting abundance remained high from 1996 to 2004 before declining
until 2009 (Figure 2, Figure S5). A sharp increase followed (2009-2014; +150% in
autumn, +200% in spring), stabilizing by 2019. Blue whiting abundance peaked at SST
>6°C (SBT > 4.5°C) in spring and >8°C (SBT > 6°C) in autumn. Depth preferences

ranged from 250-500 m in spring and 250—-600 m in autumn. In autumn, abundance
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was highest on flat shelf areas (0.2-0.6°) and steep slopes (>2°), while in spring, it
showed a weak, but negative relationship with slope. Catchability was highest from

20:00 to 05:00 in spring but peaked between 05:00 and 15:00 in autumn.

During the autumn, broadscale patterns in the SRF revealed hotspots in the south and
depressions in the north (Figure S11). Notable localised patterns included an intense
hotspot to the west of Iceland in 2013, and a dominant depression in the north which
showed strong opportunistic shifts in space, size, and intensity over the study period.
Median predicted abundance was highest on the southern Icelandic shelf, particularly
along the Iceland-Faroes Ridge and southwestern shelf, where low CV values (CV <
1.5) suggested high persistence (Figure 3C, D). The northern shelf supported a stable
(CV < 1) but lower-density population. In contrast, the northwest shelf exhibited low
median abundance but high variability (CV > 2.5). Similarly, localized areas of low
abundance but intermediate variability (CV 1.5-2.5) were evident in shallow waters
(<200 m) southeast of Iceland, indicating fluctuating population levels over time
(Figure S12). PC1 loadings (41.97%) revealed independent temporal trends in
abundance across two broad regions, divided along a northwest-to-southeast axis
(Figure 4C). Linear temporal trends identified areas of increasing abundance to the
south, west, and north, while declines were seen in the southwest and east (Figure

4D).

In spring, the SRF was more localized (Figure S13), with hotspots recurring over the
southwest shelf and southern part of the IFR. A deep depression consistently
appeared over the northern extent of the IFR between 2004-2014. Median predictions

of high abundance were largely contracted relative to the autumn months,
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concentrating along the southern, northeastern, and western shelf edges (Figure 5C,
D). Lower, variable abundance (CV > 1) was evident in shallow western and
southwestern shelf waters, as well as northern waters of the IFR (Figure S14).
Temporal dynamics defined according to the PC1 loadings (46.78%) aligned with
linear trends (Figure 6C, D). Discrete areas of the southwestern and southeastern
shelf showed declining linear abundance, while the northern and eastern shelf

exhibited positive trends, particularly over the IFR.

3.4. Length

Annual trends in blue whiting length reflected shifts in population structure, with
smaller individuals dominating in the first five years, followed by a general increase in
size until 2007. Median length remained relatively high, with minor declines from
2007-2011 and 2019-2023. Larger individuals showed a preference for cooler (2.5—
6.0°C in autumn, 1.0-3.0°C in spring; SBT: 1.0-4.0°C), and deeper waters (up to 1000
m) of the continental slope (1-2°). Larger individuals were most abundant during

daylight hours (06:00-17:00).

During the autumn, hotspots and troughs in the SRF, were generally broad, of low
intensity, and highly opportunistic (Figure S15). Of note was the presence of deep
depressions to the northwest (e.g. 2006-2007, 2010, 2013, 2021) and southern waters
adjacent to the coast (2004-2006, 2013, 2021), reflecting the occurrence of smaller
individuals in these areas that are not explained by the variables. Spatial predictions
of median length reflected the dominance of larger individuals (>22 cm) along the outer

shelf and slope (Figure 3E, F). Smaller (<22 cm) fish were prominent within inner shelf
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waters (<200 m) to the south and northwest of Iceland. These inner shelf waters
showed higher variability over the study period (CV > 0.15, Figure S16). Large-scale
temporal patterns, defined according to the PC1 loadings (44.89%) indicated
independent dynamics to the northeast and southwest of Iceland (Figure 4E). Linear
temporal trends revealed an increase in median length across the study area,

particularly in shallow shelf waters southeast and northwest of Iceland (Figure 4F).

In spring, the SRF remained highly opportunistic, with hotspots shifting throughout the
east (e.g. 1998-2003), west (e.g. 2021), south (e.g. 2004, 2023) and north (e.g. 2013)
of the shelf (Figure S17). Broad depressions were prominent across the western and
occasionally southern shelf. Predictions of larger fish were concentrated along the IFR
and the eastern shelf edge (Figure 5E, F). Smaller blue whiting remained in inner shelf
waters, particularly in the south, southwest, and northwest of Iceland. Variability was
highest along the southern and western inshore shelf where smaller fish occurred (CV
> 0.1, Figure S18). Temporal dynamics depicted through PC1 loadings (50.05%)
aligned with linear trends (Figure 6E, F). Length increased across the IFR, the
southern and southwestern shelf, remained stable in the north, and declined in the

northeast.

3.5. Population substructure

During the autumn, clustering based on ecological variables revealed four distinct
population substructures when temporal dynamics were represented by PC1 loadings
(Figure 7A). These included: (1) the southern shelf edge and IFR, where high and

persistent occurrence and abundance were observed; (2) a deepwater slope and
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northwest shelf region, characterised by persistent low occurrence and abundance,
with larger individuals; (3) the west and southern shelf, comprising a localised region
with distinct temporal trajectories, variable abundance, and smaller individuals; and
(4) the northeast shelf, which exhibited persistent occurrence, low abundance, and
distinct temporal dynamics. Slope-based clustering produced three broader clusters
in autumn (Figure 7B), including a consolidated southern core group, a distinct western
shelf group with variable trajectories, and peripheral low-abundance areas in northern

and deeper waters.

In spring, PC1-based clustering resulted in three groupings in which the separation
between southern, western, and northern regions were retained (Figure 7C). However,
slope-based clustering only showed two main groupings (Figure 7D): a central region
of higher occurrence and abundance and outer fringe areas with lower values. Overall,
PC1-based clustering captured finer-scale spatial patterns and temporal nuance, while
slope-based clustering emphasized broader, directional trends in population

dynamics.

4. Discussion

Understanding the environmental and spatial drivers of marine fish distribution is
essential for effective fisheries management. This study examines the factors
influencing blue whiting distribution in Icelandic waters using Bayesian hierarchical
spatial-temporal models. Our results indicate that physical features (depth,
bathymetric slope), environmental conditions (SST/SBT), and temporal factors (time

of day, year, season) shape blue whiting distribution patterns. Additionally, the spatial
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random field (SRF) captured localized hotspots and depressions in predicted
occurrence, abundance and length, suggesting the influence of unmeasured
ecological interactions, oceanographic processes, or migration dynamics. We discuss
the role of these drivers in structuring blue whiting populations in Icelandic waters,
emphasizing the need to account for both measured and unmeasured processes in

species distribution models to improve fisheries management.

Blue whiting is traditionally considered a mesopelagic species, and the use of
demersal bottom trawl survey data introduces potential limitations in interpreting the
results. An unknown fraction of blue whiting likely remains higher in the water column
and outside the trawl’'s sampling volume, and this fraction may vary depending on
factors such as season, depth, time of day, density, and size (Johnsen & Godg 2007).
However, pelagic trawling observations suggest that blue whiting exhibit strong
avoidance behaviour toward the bottom, which may increase the effective sampling
height of demersal trawl gear (Heino et al. 2008). Additionally, blue whiting, particularly
young individuals, are commonly found in shelf areas and regularly caught in bottom
trawl surveys, as seen in the Barents Sea, Greenland, and Portugal (Heino et al. 2008,
Gongalves et al. 2017, Post et al. 2019). Further support comes from acoustic
recordings from the International Ecosystem Summer Surveys in the Nordic Seas
(IESSNS), conducted since 2016, which show that in summer, blue whiting in Icelandic
waters is primarily associated with the shelf edge rather than deeper basins, as
observed in the Norwegian Sea (Olafsdéttir et al. 2024). This shelf-based pattern
aligns with bottom trawl catch locations in the current study. Taken together, these
factors suggest that while bottom trawl surveys may not capture the full extent of blue

whiting distribution, they provide a reliable indicator of occurrence and relative
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abundance in shelf-associated areas. However, our findings should be interpreted
within the known limitations of trawl gear and its variable catchability for benthopelagic

species.

Another limitation relates to demographic resolution. While body length served as a
proxy for demographic variation in this study, we acknowledge that access to direct
age data would provide a more robust framework for testing population-level
demographic effects, including age-related habitat use and density dependence.
Studies on related pelagic species, such as Atlantic herring, have demonstrated clear
age-related differences in habitat use, migration patterns, collective behaviour, and
population structure, suggesting similar dynamics may be relevant for blue whiting
(Huse et al. 2010, Macdonald et al. 2018, Slotte et al. 2025). Future studies
incorporating age-structured information would allow for a more explicit analysis of
how intrinsic factors interact with environmental variability to shape blue whiting

distribution and habitat use.

4.1. Role of temperature, Depth, and Bathymetry in Population structure

Blue whiting distribution in Icelandic waters is strongly influenced by temperature,
depth, and bathymetric features (Figure 2, Figure S5). The species primarily occupies
depths of 200—600 m, with SST >6°C in spring and >8°C in autumn (SBT: >4.5°C in
spring, >6°C in autumn). These preferences align with observations across the NE
Atlantic. For instance, in the Bay of Biscay and Celtic Sea, blue whiting inhabits depths
of 100-500 m at temperatures of 9—13°C (Persohn et al. 2009). West of the British

Isles, the species occupies shelf waters at 200-550 m and spawns at 9-11°C
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(Johnsen & Godg 2007, Miesner & Payne 2018). Egg survival and larval development
peak at 6 to 10°C, with an upper thermal limit of ~14.5°C (Coombs & Hiby 1979, Hatun
et al. 2009b). Narrow optimal spawning conditions likely facilitate larval ascent to food-
rich surface waters, enhancing survival (Miesner & Payne 2018). In Greenland, annual
increase in blue whiting abundance coincides with warmer temperatures (>4—-6°C) at
depths of 2560-700 m, conditions that likely increase zooplankton availability and
promote early life-stage survival, while supporting adult feeding migrations that occur
during the summer (Post et al. 2019, 2021). Similarly, in the Barents Sea, warm Atlantic
inflows (>5—6°C) facilitate juvenile transport from the Norwegian Sea, increasing

abundance (Heino et al. 2008).

Blue whiting occurrence and abundance exhibits regional structuring, with persistence
along the Iceland-Faroe Ridge (IFR), the southern, and the southwestern Icelandic
shelf (Cluster 1, 3, Figure 7A-D), and fringe population substructures along the
northern shelf (Clusters 2, 4, Figure 7A-D). These patterns align with distinct
biogeographic features, particularly the GSR, which acts as both a physical conduit
and a barrier for population connectivity. The IFR, as a shelf extension of the GSR,
provides a continuous pathway at suitable depths (200—600 m), facilitating seasonal
feeding migrations from the core NE Atlantic population during their feeding migration
into Icelandic waters. Established migration routes generally follow two primary
trajectories: a dominant northeast-ward path toward the Norwegian and Barents Seas
(Heino et al. 2008, Hatun et al. 2009a) and a secondary northwest-ward route linking
the Faroes, Iceland, and Greenland shelves (Hatun et al. 2009a, Post et al. 2019).
Depth and slope along the IFR likely facilitate movement by providing a continuous

pathway at suitable depths, while deeper waters offshore and adjacent to the ridge
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may influence migration patterns by shaping the distribution of prey and

oceanographic conditions.

The GSR also acts as a hydrographic boundary, modulating the inflow of warm, saline
North Atlantic water into Icelandic waters while restricting the southward penetration
of cold Arctic water from the Nordic Seas (Jonsdottir et al. 2023a). These contrasting
water masses shape distinct subpopulations: the southern shelf aligns with optimal
thermal conditions, supporting high blue whiting abundance, while the northern shelf,
subject to colder Arctic influence, represents a less favourable fringe habitat with lower
densities. The combination of bathymetric structure, warm-water inflows, and the
formation of dynamic frontal zones where they interact, sustains productive feeding
grounds, potentially enhancing larval retention and survival, akin to Atlantic water-
driven recruitment mechanisms in the Barents Sea (Astthorsson et al. 2007, Heino et
al. 2008, Trenkel et al. 2015). The persistence of blue whiting across the southern
Icelandic shelf highlights its dual role as both a migratory corridor and a key residency

zone for feeding and growth.

The distribution of size classes across depths further reflects habitat structuring.
Larger individuals occur at greater depths (up to 1000 m) along the continental slope.
In the Bay of Biscay, juveniles occupy shallower depths (100—-280 m) than adults (100—
500 m), despite interannual variation (Persohn et al. 2009). Similarly, in Greenland,
younger individuals occur at 250-500 m, while older fish are found at 300—800 m (Post
et al. 2019). Acoustic surveys confirm that blue whiting extend beyond shelf and slope
regions, reaching depths of 1000 m, though beyond 550 m, they predominantly occupy

the mid-water column (Johnsen & Godg 2007). The apparent decline in abundance at
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greater depths shown in Icelandic waters may therefore reflect the limitations of

demersal trawl gear, underestimating true population size.

Larger blue whiting in Icelandic waters prefer cooler conditions in autumn (SST: 2.5—
6°C; SBT: 1-5°C) and spring (SST: 1-3°C; SBT: 1-5°C), falling below the species’
typical thermal range during spawning (Miesner & Payne 2018). This pattern mirrors
the Barents Sea, where larger, older individuals extend eastward into colder waters at
the range’s edge (Heino et al. 2008). This shift may reduce competition during strong
recruitment years from the NE Atlantic population, suggesting local adaptations among
resident subpopulations (Heino et al. 2008). The depth and temperature preferences
of larger individuals suggest greater tolerance for environmental variability, supporting

their role as generalist predators (Trenkel et al. 2014).

4.2. Unexplained Spatial-Temporal Variation

4.2.1. Density Dependence

Pronounced temporal fluctuations were evident in occurrence and abundance along
the margins of persistent areas (Figure 3). The strongest variability occurs along the
northwestern and northeastern shelf (Cluster 3, Figure 7A-C; Cluster 4, Figure 7A),
reflecting dynamic range contraction and expansion. We hypothesize that one key
driver of this variability is density-dependent regulation, influenced by fluctuations in
the overall NE Atlantic population. As blue whiting abundance increases beyond
competition thresholds in core habitats, we expect spillover into marginal areas, driving

range expansion and shifts in distribution. Conversely, when population size declines,
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the range may contract, leading to a more restricted distribution. This aligns with
broader patterns observed in other NE Atlantic pelagic species, where density
dependence interacts with environmental variability to shape spatial dynamics. A 30-
year review of 19 species found that distributional shifts were driven by thermal habitat
suitability and density-dependent area use, with range expansion occurring once
density thresholds in core habitats were exceeded (Baudron et al. 2020). A clear
example is the westward expansion of mackerel into Icelandic and Greenlandic
waters, which has been linked to high densities, increasing temperatures, and
competition with other pelagic stocks in the Norwegian Sea (Olafsdottir et al. 2019).
For blue whiting, however, density-dependent processes appear to operate differently
across life stages. In the Bay of Biscay, juveniles expand into marginal habitats when
abundance is high, whereas adults do not (Persohn et al. 2009). This likely reflects the
fact that adults already occupy a wide range with broader environmental tolerances,
reducing the likelihood of exceeding competitive thresholds in core areas. As a result,
range expansion under high densities is primarily observed in juveniles, while adults
maintain a more stable, widely distributed range (Persohn et al. 2009). In the Barents
Sea, localized range contractions and expansions in the east were attributed to
interactions between environmental variability and density dependence (Heino et al.

2008), further emphasizing that these factors are interconnected.

The annual trends in blue whiting occurrence and abundance observed in this study
support a similar density-environment interaction, where fluctuations in occurrence,
abundance, and size structure correspond to NE Atlantic-wide trends in spawning
stock biomass (SSB), recruitment (age 1), and fishing mortality (ICES 2023). Peaks in

Icelandic blue whiting numbers in 2003, 2014, and 2023 align with high SSB and
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increased recruitment years, while declines in 2009 and 2019 coincide with periods of
increased fishing pressure, low SSB, and low recruitment in preceding years. These
patterns suggest that recruitment pulses in the NE Atlantic drive a density-dependent
expansion into Icelandic waters. A key question remains: do these trends reflect a fully
integrated NE Atlantic stock, or do localised subpopulations exist within Icelandic
waters? While the dominant influence of the NE Atlantic stock is evident, another
possibility is that local Icelandic populations, if present, may be shaped by the same
density-dependent mechanisms and environmental drivers observed in the wider NE
Atlantic. Similar local contingents have been identified in the Barents Sea, where they
remain influenced by broader Atlantic stock dynamics (Heino et al. 2008). In Iceland,
our findings suggest that spatial structure varies across both broad (northeast vs.
southwest) and localized scales, shaped by a complex interplay of density effects,
environmental gradients, and regional habitat suitability. Therefore, the existence of

local populations cannot be ruled out.

4.2.2. Early Life Stage Dispersal and connectivity

Nursery areas exhibited strong interannual variability in distribution, likely driven by
changes in connectivity with upstream spawning grounds. These patterns suggest that
oceanographic-driven dispersal pathways play a key role in linking spawning
populations to Icelandic nursery areas. The main blue whiting spawning grounds,
located west of the British Isles, shift annually due to large-scale oceanographic
processes, particularly the strength of the North Atlantic Subpolar Gyre (SPG) (Hatun
et al. 2009b, Miesner & Payne 2018). A weak SPG corresponds with a warm-saline

regime, promoting an offshore northward shift in spawning distribution. Conversely, a
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strong SPG is associated with a cool-fresh regime, leading to a more southerly
spawning distribution along the European continental shelf. These shifts influence
larval transport pathways, determining the extent to which eggs and larvae are
dispersed into downstream nursery zones (Bartsch & Coombs 1997, Skogen et al.
1999). A northward spawning shift during weak SPG phases likely enhances larval
transport to Iceland, increasing connectivity with nursery areas. Conversely, a
spawning distribution constrained along the European shelf during a strong SPG
phase may lead to greater dispersal into the Norwegian Sea, reducing connectivity

with Iceland.

Oceanographic conditions in Icelandic waters not only influence larval transport but
also determine the suitability of nursery areas for juvenile survival. The interaction
between dispersal pathways and favourable environmental conditions, particularly in
the southern Icelandic shelf, may support higher retention and survival rates of blue
whiting juveniles. In contrast, periods of a strong SPG and lower temperatures can
increase food availability in off-shelf regions south of Iceland (Hatun et al. 2016).
Observations show an increase in zooplankton abundance with rising temperatures in
blue whiting nursery areas south and west of Greenland (Post et al. 2021). Additionally,
results from the current study show a strong positive relationship between
temperature, blue whiting occurrence, and abundance in Icelandic waters. These
findings suggest a local decoupling of shelf and slope zooplankton production from
broader ocean basin dynamics (Post et al. 2021). Interannual variability in nursery
area hotspots therefore likely results from a combination of large-scale oceanographic
processes governing dispersal, and localized habitat suitability. Future research

incorporating larval transport and oceanographic modelling would help clarify the
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mechanisms shaping nursery area variability and connectivity with the wider NE

Atlantic blue whiting stock.

4.3. Persistence During the Spring

In spring, blue whiting persist along the IFR and the southern and southwestern
Icelandic shelf (Figure 5A-D; Cluster 1, 3, Figure 7C-D), though at substantially lower
occurrence and abundances than in autumn. Juvenile nursery areas were identified
along the western and southwestern shelf. The location, range, and intensity of these
hotspots varied inter-annually, reflecting opportunistic patterns. These findings
suggest the presence of blue whiting nursery areas along the western and
southwestern Icelandic shelf (Figure 5A-F). Here, juvenile fish (<22 cm) persist during
the spring while mature individuals return to spawning grounds. Nursery areas have
been reported to the east (Age-0, August - September) and southwest (Age-1 and 2,
June - September) of Greenland (Post et al. 2019). However, the absence of age-1
and 2 fish in Greenland waters from October to December suggests localized
movements into adjacent waters during winter and spring. Ontogenetic spatial patterns
observed in other gadoids, along with survey data (Jonsdottir et al. 2023a), support
the interpretation that juvenile blue whiting utilize both Greenland (summer—autumn)
and Iceland (winter—spring) as nursery areas. The persistence of juvenile blue whiting
in localised nursery areas in Icelandic waters across seasons suggests partial
residency during early life stages. However, inter-annual variations in the location and
intensity of nursery areas are likely influenced by density dependent factors and
oceanographic processes affecting connectivity with upstream spawning grounds (see

section 4.2).
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Adult blue whiting were also prevalent along the southern and eastern Icelandic shelf
during spring (Figure 5). This persistence extends beyond early life stages and may
indicate resident subpopulations. A resident subpopulation has been identified in the
Barents Sea, where allozyme analyses indicate genetic differentiation (Gisever & Stien
1998, Ryan et al. 2005). While the migration, spawning, and seasonal dynamics of this
Barents Sea subpopulation remain unclear, it exhibits a distinct demographic structure
and a more eastern distribution than the main NE Atlantic migratory stock (Heino et al.
2008). Genetic studies have not confirmed distinct subpopulation structure in Icelandic
waters (Ryan et al. 2005), and genetic studies in Greenland waters are lacking.
However, Icelandic genetic samples were primarily collected from the southeastern
region during peak feeding migration, where migratory individuals likely dominate
(Ryan et al. 2005). Further research should investigate the genetic structure of blue
whiting in Greenland waters and in western and northwestern Icelandic waters during

spring, when migratory fish have returned to their spawning grounds.

During spring, the location, range, and intensity of adult blue whiting persistence,
particularly over the IFR, varied interannually. These shifts represent transitions from
near absence to high abundance of larger individuals along the primary pathway
connecting the Icelandic shelf to the broader Northeast Atlantic population. This trend
appears to align with periods of reduced abundance and subsequent recovery in both
Icelandic waters and the broader NE Atlantic (see section 4.2.1). This may reflect the
connectivity of adult, migratory individuals with the wider NE Atlantic population.
However, the continued occurrence of larger individuals in discrete, low-abundance

hotspots over time suggests the potential presence of resident subpopulations. The
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possibility of local resident spawning populations of blue whiting in Icelandic waters
remains unclear. Spawning fish have not been recorded in Icelandic waters, though
maturity data are not collected during Icelandic demersal surveys, particularly in spring
when spawning would be expected. Spring temperatures around Iceland are generally
cooler than in the main spawning area but remain within the tolerance levels for larval
survival (Coombs & Hiby 1979). Although eggs and larvae have been recorded in
Icelandic waters, they are considered to be a result of oceanographic dispersal from
the spawning areas, and not believed to occur in significant numbers (Sveinbjornsson

1975, Pointin & Payne 2014, Miesner & Payne 2018).

4.4. Conclusion

This study offers a comprehensive analysis of the spatial and temporal dynamics of
blue whiting populations in Icelandic waters, shedding light on key environmental,
physical and temporal factors that shape the distribution, abundance, and size
structures of this species. The persistence of four to five autumn clusters and the shift
to a condensed two-cluster structure in the spring highlight the species' adaptability
and connectivity across diverse Icelandic and broader marine habitats in the NE
Atlantic. Notably, the presence of distinct seasonal feeding and nursery areas
suggests that the Icelandic shelf serves not only as a migration route but as essential
habitat that supports critical life stages of blue whiting. These dynamics, aligned with
observed trends in the broader NE Atlantic population, suggest a complex interplay
between local ecological processes and overarching population movements,
indicating Icelandic waters may host a unique mixture of both migratory and potentially

resident subpopulations.
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The current study shows that Icelandic waters may host smaller, yet significant,
subpopulations that contribute to maintaining the species' biocomplexity, which is vital
for understanding the full structure of the population. The genetic diversity within these
subpopulations adds to the resilience of the species, particularly in the face of climate
change and occasional high fishing pressure. This interpretation ties back to the
broader aim of identifying population structures on the edges of the species'
distribution, which has important implications for fisheries management, especially in
areas historically underestimated for their role in the species' ecology. Further
research should prioritise fine-scale investigations into the connectivity between
Icelandic nursery areas and broader NE Atlantic spawning grounds, including through
seasonal genetic and otolith chemical analyses to distinguish potential resident from

migratory subpopulations.

While this study established a general baseline for environmental influences on blue
whiting distribution, the strong year effect observed suggest that the relative
importance of covariates may vary across annual to decadal scales. These temporal
patterns could reflect shifts in key environmental drivers, potentially linked to changes
in subpopulation structure or density-dependent processes. Investigating such
variation is another important direction for future work - particularly in the context of
climate change - and could help determine whether habitat preferences shift in

response to changing population dynamics.
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Together, these efforts provide a foundation for adaptive, ecosystem-based
management strategies that reflect the species’ full ecological range and support

sustainable fisheries across the NE Atlantic.
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Supplementary material is available for the online version of the manuscript.
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1194  Table 1: Details of response and explanatory variables included in the model framework.
Covariate type Predictor Description Reference
Model Season The season (spring / autumn) that sampling took place. (Jakobsdattir et al. 2023a b, Jonsdottir
et al. 2023b c)
Response Occurrence The occurrence (0/1) of blue whiting in the trawl. (Jakobsdéttir et al. 2023a b, Jonsdéttir
etal. 2023b c)
Abundance Total catch quantity (number) of blue whiting scaled by the swept area
of the trawl (number.cm.trawl-").
Length The length class by cm group from the sampled catch.
Survey ID The unique trawl station. (Jakobsdottir et al. 2023a b, Jonsdéttir
et al. 2023b c)
Trawl location Longitude (X utm) and latitude (Y utm) coordinates of the mid trawl
position.
Year The numerical year of sampling (1996 - 2023).
Environmental Sea surface Monthly mean (°C) at a 0.083 x 0.083° spatial resolution. CMEMS, (GLORYS12V1)
temperature (SST)
Sea bottom Monthly mean (°C) at a 0.083 x 0.083° spatial resolution. CMEMS, (GLORYS12V1)
temperature (SBT)
Salinity (Sal) Monthly mean (103) at a 0.083 x 0.083° spatial resolution. CMEMS, (GLORYS12V1)
Chlorophyll (Chl) Monthly mean (mg/m3) at a 0.25 x 0.25° spatial resolution. CMEMS, (BIORYS2 V4)
Depth (m) Sea floor depth (m). Observation, or calculated using the ‘marmap’ (Pante & Simon-Bouhet 2013, Hijmans
and ‘raster packages. 2023)
Bathymetric slope Gradient (°) of the sea floor calculated from the ‘raster package (Hijmans 2023)
(Slope)
Solar time Solar time at the mid-point of a trawl station adjusted to local daylight (Wutzler 2021)
hours using the ‘solartime’ package.
1195
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Table 2: Penalised complexity prior parameters for the spatial random field in each

submodel, defined as the threshold range and standard deviation values beyond which

the prior probability was constrained.

Season Model Range Prob Sd Prob

Spring Occurrence 55 <0.0001 3.5 <0.0001
Abundance 35 <0.0001 2 <0.0001
Length 55 <0.0001 1 <0.1

Autumn Occurrence 55 <0.0001 3 <0.0001
Abundance 35 <0.05 3 <0.05
Length 50 <0.0001 1 0.1
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Figure 1: Map of sampling stations from the 2023 annual spring (late February to early
April) and autumn (mid-September to early November) groundfish surveys,
highlighting key oceanographic currents and topographic features. The red (warm) and
blue (cool) arrows indicate the relative temperatures and directions of the prevailing
currents. Abbreviations: DS (Denmark Strait), EGC (East Greenland Current), EIC
(East Iceland Current), IB (Iceland Basin), IC (Irminger Current), IFR (Iceland-Faroe
Ridge), IrS (Irminger Sea), IS (Iceland Sea), KR (Kolbeinsey Ridge), NAD (North

Atlantic Drift), RR (Reykjanes Ridge).
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Figure 2: Estimated effect of year, time of day (hrs), depth (m), sea surface

temperature (°C), and bathymetric slope covariates on the probability of occurrence,

abundance and mean length of blue whiting during the autumn months (late

September to early November) from 1996 to 2023 around the Iceland shelf and slope.

The estimated effect is presented as smooth functions with grey shaded areas

representing the 95% credible intervals.
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1218  Figure 3: Spatial persistence represented as the median and coefficient of variation
1219  for predicted (A-B) occurrence, (C-D) log-transformed abundance, and (E-F) length of
1220  blue whiting during the autumn months (late September to early November) from 1996
1221  to 2023, across 10 x 10 km grid cells.
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Figure 4: Temporal dynamics of blue whiting during autumn (late September to early
November) from 1996 to 2023, represented by loadings on the first principal
component (PC1, left column) or linear slopes (right column) of predicted (A-B)
occurrence, (C-D) log-transformed abundance, and (E-F) weighted mean length

trajectories across 10 x 10 km grid cells.
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1231  Figure 5: Spatial persistence represented as the median and coefficient of variation
1232  for predicted (A-B) occurrence, (C-D) log-transformed conditional abundance, and (E-
1233 F) median length of blue whiting during the spring months (late February to early April)
1234 from 1996 to 2023, across 10 x 10 km grid cells.
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1237  Figure 6: Temporal dynamics of blue whiting during spring months (late February to
1238 early April) from 1996 to 2023, represented by loadings on the first principal
1239  component (PC1, left column) or linear slopes (right column) of predicted (A-B)
1240  occurrence, (C-D) log-transformed abundance, and (E-F) weighted mean length
1241  trajectories across 10 x 10 km grid cells.
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1245  Figure 7: Hierarchical clustering results showing potential population structuring of
1246  blue whiting during autumn (A-B, late September to early November) and spring (C-
1247 D, late February to early April) from 1996 to 2023. Clustering is based on the median
1248 and coefficient of variation of occurrence, abundance, and weighted mean length.
1249  Temporal dynamics are represented by either (A, C) the loadings on the first principal
1250  component (PC1) or (B, D) the linear slopes of occurrence, abundance and length
1251  trajectories by (10 x 10 km) grid cell.
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