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Abstract

Seasonal migrations of marine fish between shallow summer feeding habitats and

deep overwintering grounds are driven by fluctuations in the biotic and abiotic envi-

ronment as well as by changes in the internal state. Ontogenetic shifts in physiology

and metabolism affect the response to environmental drivers and may lead to

changes in migration timing and propensity. In this study, we investigated the effect

of temperature and body size on migration timing and depth distribution in acousti-

cally tagged Atlantic cod, Gadus morhua, and saithe, Pollachius virens, during the

period of seasonal migration from shallow summer habitats. The results from our

study revealed a wide range of horizontal and vertical distribution of age 1 and

2 G. morhua within the fjord. Larger G. morhua inhabited deeper, cooler waters than

smaller juveniles, likely reflecting size-dependent thermal preferences and predation

pressure. Conversely, juvenile P. virens occupied primarily shallow waters close to

land. The variation in depth distribution of G. morhua was mainly explained by body

size and not, against our predictions, by water temperature. Conversely, the dispersal

from the in-fjord habitats occurred when water temperatures were high, suggesting

that seasonal temperature fluctuations can trigger the migration timing of P. virens

and larger G. morhua from summer habitats. Partial migration of small juvenile

G. morhua from in-fjord foraging grounds, likely influenced by individual body condi-

tion, suggested seasonal migration as a flexible strategy that individuals may use to

reduce predation and energetic expenditure. Predation mortality rates of tagged juve-

niles were higher than previously suggested and are the first robust predation mortal-

ity rates for juvenile G. morhua and P. virens estimated based on acoustic transmitters

with acidity sensors. The results have relevance for climate-informed marine spatial

planning as under the scenario of increasing ocean temperatures, increasing summer

temperatures may reduce the juveniles' resource utilization in the shallow summer

nurseries, resulting in lower growth rates, increased predation pressure, and lower

chances of juvenile winter survival.
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1 | INTRODUCTION

Seasonal migrations are common in a wide range of taxa conferring

evolutionary advantages through optimal foraging (Hopcraft

et al., 2014; Leu et al., 2011), growth (Brönmark et al., 2008), and

access to breeding habitats (Miller et al., 2016; Winger et al., 2019). In

marine fish, seasonal migrations between shallow summer feeding

habitats and deep overwintering grounds are common for early life

stages (Cote et al., 2004; Hanson, 1996), allowing access to rich tro-

phic resources in coastal habitats at favorable temperatures (Árnason

et al., 2009; Perry et al., 2018). Seasonal migrations have been

described for both juvenile Atlantic cod, Gadus morhua L. (Cote

et al., 2004; Strøm et al., 2023), and saithe, Pollachius virens

L. (Homrum et al., 2012; MacDonald et al., 1984). Juveniles from both

species migrate into shallow coastal waters during spring, where they

stay throughout the summer months (Clay et al., 1989; Dunlop

et al., 2022; MacDonald et al., 1984). High structural diversity in the

shallow water habitats is associated with rich feeding grounds and

reduced predation pressure, and, together with warm ambient tem-

peratures, fuel the juveniles' growth and lipid build-up during the sum-

mer months (Copeman et al., 2017). With the onset of winter,

juveniles may migrate into deeper overwintering grounds (Cote

et al., 2004; Homrum et al., 2012). During these migrations, age group

1 and 2 juvenile G. morhua can cover horizontal distances of more

than 225 km (Hanson, 1996). Large-scale seasonal migration has also

been described for 0-group juvenile G. morhua in Iceland

(Pálsson, 1976) and on the east coast of North America (MacDonald

et al., 1984), while juvenile populations (age 1) in Sweden reside

within shallow nearshore habitats throughout the year (Pihl &

Ulmestrand, 1993).

While multiple intrinsic and extrinsic drivers for the timing of

seasonal migration have been proposed for G. morhua, little research

has been done on migration drivers in P. virens. Seasonal changes in

the thermal environment may increase the energetic expenditure of

fish and consequently drive the vertical migration along a thermal

gradient, such as the migration of G. morhua and P. virens into deeper

and relatively warmer overwintering grounds. Other environmental

factors, such as changing salinity levels (Riley & Parnell, 1984) and

decreasing oxygen concentrations at the summer habitats (Limburg

et al., 2011; Skjæraasen et al., 2008), have been discussed as drivers

for seasonal migration of G. morhua. Intrinsic factors, including hor-

mone levels, also affect fish migration (Birnie-Gauvin et al., 2019).

Increased levels of thyroid hormones were suggested cues for sea-

sonal, long-distance migration in adult G. morhua, as they enhance

swimming capacity, metabolism, and sensory physiology (Comeau

et al., 2001). Smaller G. morhua in poor condition were observed to

stay longer or even throughout winter within the shallow nursery

grounds (Comeau et al., 2002; Cote et al., 2004), suggesting body

size and condition prior to winter as cues for seasonal migration

timing.

At summer feeding grounds, age group 0 G. morhua are commonly

found in inter- and subtidal habitats (Ólafsdóttir et al., 2023; Swain

et al., 1998), but age groups 1 and 2 occupy deeper waters between

10 and 40 m (Dunlop et al., 2022; Grabowski et al., 2018; Pihl &

Ulmestrand, 1993). An increase in depth distribution with age and

body length has frequently been described in juvenile G. morhua

(Freitas et al., 2021; Riley & Parnell, 1984; Swain et al., 1998). The

depth divergence with age also occurs at deep overwintering grounds

in the Gulf of St. Lawrence, where age group 1 and 2 G. morhua were

found between 100 and 200 m depth, and age groups 3 and 4 at

depths greater than 200 m (Hanson, 1996; Swain et al., 1998). Three

studies investigated juvenile P. virens in the wild and found age groups

0 to 2 distributed within the first few meters of the water column

close to land (Clay et al., 1989; Nedreaas, 1985; Olsen et al., 2010).

Older juveniles (2+) migrate away from land, and were widely distrib-

uted in the water column, even close to the surface (Armannsson &

Jónsson, 2012; Cargnelli et al., 1999). The cooccurrence of age

0 G. morhua and P. virens within the inter- and subtidal areas has been

documented in North America, Norway and Iceland (Dunlop

et al., 2022; Lazzari et al., 2003; Nickel, 2016), although no study has

compared the habitat use of age 1+ juvenile G. morhua and P. virens.

Although fisheries surveys provide large-scale spatial information

at a point in time, they do not provide the continuous positioning data

of individual fish available from acoustic telemetry (Nathan

et al., 2022). Moreover, most fishing gear is limited in deployment

depth or restricted to areas with little habitat structure and therefore

may not adequately assess juvenile gadoid abundance across different

habitats, extending from the subtidal to depth beyond 50 m. Acoustic

telemetry can complement fisheries surveys and has been used to

support management and enhance conservation efforts of migratory

populations through the study of habitat use (Freitas et al., 2021),

identification of migratory pathways (Hayden et al., 2014), and sur-

vival estimates (Chaput et al., 2019). Moreover, direct measures of

fish movement can help explain the influence of environmental fac-

tors and intrinsic conditions such as behavioral type, genetic traits,

and parasite infestation (Barth et al., 2019; Uglem et al., 2009;

Villegas-Ríos et al., 2018). Only a few studies have used acoustic

telemetry to document the movement of P. virens, particularly of 2- to

4-year-old P. virens around sea cages (Otterå & Skilbrei, 2014; Skil-

brei & Otterå, 2016; Uglem et al., 2009), while acoustic telemetry has

been widely used to study the movement and migration of G. morhua,

for example in relation to behavioral types (Monk et al., 2023;

Villegas-Ríos et al., 2018), genotypes (Strøm et al., 2023), temperature

(Cote et al., 2002; Freitas et al., 2015; Freitas et al., 2021), diel rhythm
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(Clark & Green, 1990; Espeland et al., 2010), sound disturbances (Van

der Knaap et al., 2021), and artificial aggregates (Reubens et al., 2013).

Few studies have investigated young G. morhua (<30 cm) (Cote

et al., 1998, 2004) and none have acoustically tagged G. morhua and

P. virens smaller than 25 cm in length. Mortality at this age is high

and has been associated with high predation pressure and low winter

survival (Bogstad et al., 2016; Laurel et al., 2016). Acoustic telemetry

has the potential to provide better insights into the causes of juvenile

mortality as well as to provide robust mortality estimates.

In the current study, we used acoustic telemetry to monitor the

fine-scale movements of juvenile age 1 and 2 G. morhua and age

1 P. virens during the period of seasonal migration from shallow sum-

mer habitats to deeper overwintering grounds. Specifically, our objec-

tives were (1) to assess seasonal changes in the movement of juvenile

G. morhua and P. virens at summer nurseries in relation to body size

and water temperature, and (2) to examine how body size and condi-

tion, and temperature affect the timing of juveniles of each species

leaving the in-fjord nursery grounds. We hypothesized that tempera-

ture and fish size were key drivers of both depth distribution in the

fjord and timing of seasonal migration in juvenile G. morhua and

P. virens. Understanding these factors can have implications for cli-

mate change planning and the protection and conservation of near-

shore nursery grounds.

2 | METHODOLOGY

2.1 | Ethics statement

The care and use of experimental animals complied with the Act on

Animal Welfare (55/2013, Icelandic legislation), guidelines, and poli-

cies as approved by the Icelandic Food and Veterinary Authority

(MAST, license reference number: 2019-02-02).

2.2 | Study area

The study was conducted in Seyðisfjörður, a small fjord (11.5 km2)

located in the northwest of Iceland (Figure 1). The fjord is character-

ized by steep slopes dropping rapidly from 0 to 40 m depth in the east

of the fjord, and by gentle slopes and plateaus (20 m depth) on the

western side. The shoreline is dominated by rocky shore habitats veg-

etated by Ascophyllum nodosum and Fucus vesiculosus in the intertidal

and Laminaria sp., Saccharina latissimi, and Alaria esculenta in the subti-

dal. The deepest areas of the fjord, with a maximum depth of 55 m,

are at the mouth of the fjord. Seyðisfjörður opens into a large fjord

system (Ísafjarðardjúp) with an average depth between 50 to 100 m

and a maximum depth of 130 m (Hafrannsóknastofnun, n.d.).

F IGURE 1 Overview map of the study fjord Seyðisfjörður and the surrounding area. Brown points indicate receiver locations in the study
area, the blue point indicates the release site, and the red point indicates the location of the temperature loggers. The red lines indicate 10-m
depth contours.
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2.3 | Acoustic telemetry array

Movement data from an acoustic telemetry system were collected in

Seyðisfjörður between July and November in 2020 and 2021. Within

the fjord, 33 Vemco VR2W-180 kHz receivers were deployed in six

gates across the fjord (Figures 1 and 2). Each receiver was kept at 2 m

above the seafloor at a water depth between 5 and 55 m. The

receivers were held buoyant with a submerged float 2 m above each

device. Each receiver was attached to a mooring, which was con-

nected to a surface float. The receivers' detection range for V5, V5D,

and V7TP transmitters was estimated using five VR2W receivers

evenly spaced out between 50 and 150 m distance from a V9-2H and

a V4-1H transmitter. The range test was conducted over 4 days

(103 h) and suggested a minimum detection range of 150 m. Based on

these results, the receivers within gates were placed 250 m apart,

allowing for overlapping detection ranges. The distance between

gates was 840 to 1400 m (mean = 1130 m, standard deviation

[SD] = 213 m). No commercial fishing or other commercial boating

took place in the fjord during the study periods.

2.4 | Fish handling and tagging

A total of 53 G. morhua (21 in 2020, 32 in 2021) and 33 P. virens

(19 in 2020, 14 in 2021) were tagged and released in Seyðisfjörður.

Juveniles were caught between July and September in 2020 and

2021 using gill nets and fyke nets that were deployed in neighboring

fjords to avoid recapture of tagged individuals. Juveniles were

F IGURE 2 The distribution of fish
detections in the study fjord. The blue
lines indicate 10-m depth contours.
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transported to the laboratory and kept for recovery for 6–12 hours

before and after surgery. Individuals were anesthetized with MS-222

before (100 mg/L) and during (60 mg/L) the surgical implantation of

the transmitter. The transmitter was inserted into the abdominal cav-

ity of the fish through a 1.5-cm incision closed with a suture (Ethicon

8871H 4–0 with a RB-1 17 mm 1/2c taperpoint needle). Tagged fish

were released over a period from 24 July until 24 September 2020

and from 9 July until 31 August 2021. The body length of tagged

G. morhua was between 10.9 and 30.2 cm (mean = 17.8 cm) and

weight was between 13.2 and 326.5 g (mean = 76.8 g). P. virens were

between 11.7 and 22.8 cm long (mean = 17.9 cm) and had weight

between 16.4 and 143.5 g (mean = 74.4 g) (Figure S2). The majority

of G. morhua most likely represented age 1 juveniles but may also

have included some age 2 (Jónsdóttir et al., 2019). The P. virens tagged

in this study most likely belonged to age group 1 (Jónsdóttir, 2023).

Fish length and weight were used to calculate the Fulton's body con-

dition factor K = 100WL�3 (Fulton, 1904), where W is body weight

(g) and L is standard length (cm). The transmitter types used were V5,

V5D, and V7TP from Innovasea (Vemco) with a random delay of 30–

50 s and an expected battery life of 113, 86, and 118 days, respec-

tively. As this study investigated juvenile gadoids between 11 and

30 cm in length, the smallest Vemco transmitter types available in

2020 (V5, V5D) were chosen. To further collect exact temperature

and depth information of individual fish, a subset of 10 juveniles (five

G. morhua, five P. virens) were tagged with V7TP transmitters

equipped with depth and temperature sensors. Due to the larger size

and weight of the V7TP transmitter, only juveniles larger than 19 cm

(meanG. morhua = 24.2 cm, meanP.virens = 21.1 g) were selected for car-

rying the V7TP. The transmitter weight of all types was below 5% of

the body weight in all fish.

2.5 | Data preparation

Position data from the receivers were downloaded and time corrected

using VUE software (Vemco). Further data preparation, analysis, and

visualization were done in the R environment using the RStudio Desk-

top application (R Core Team, 2016). G. morhua (n = 11) and P. virens

(n = 7) were excluded from the data analysis when (1) they were

detected for less than 24 h (and did not leave the fjord within that

time), (2) they stopped moving within 24 h or (3) they did not show

any movement post-release. From 86 tagged gadoid juveniles, 17 fish

were excluded and 69 individuals were used for further analysis. The

excluded fish (mean body length = 16.3 cm) were assumed to have

died shortly after tagging (<24 h), which led to an estimated tagging

mortality of 19.8%. Moreover, all detections logged after a predation

event (indicated by predation sensors on V5D) were excluded from

the further data analysis.

Position estimates representing short-term centers of activity

were used to adjust for simultaneous detections of one individual at

multiple receivers due to overlapping detection ranges. Hourly posi-

tion estimates (HPEs), reflecting horizontal fish positions, were calcu-

lated for individual fish based on weighted means of the number of

detections at each receiver during 1-h periods (Simpfendorfer

et al., 2002). Consequently, the 546,669 detections used for analysis

were reduced to 18,368 HPEs.

The depth at each HPE was calculated based on bathymetric data,

whereby the water depth around each receiver was calculated as the

mean of eight points, evenly distributed on a 150-m radius around

the receiver (receiver specific detection range). The water depth

around each receiver was then used to calculate the hourly depth esti-

mates (HDEs) for individual fish based on weighted means of the

number of detections at each receiver during 1-h periods. An HDE

represents the estimated water depth at the corresponding HPE.

To test the coherence of HDEs and depth sensor data, HDEs

were compared to observed depths from the 10 individuals tagged

with V7TP depth-recording tags using a Wilcoxen rank sum test. Sep-

arate tests were conducted for each species and 10-cm size classes

using the wilcox. test function in the Stats package (R Core

Team, 2016).

Temperature records were obtained from eight temperature log-

gers attached to a fish farming pen from Hábrún ehf located in the

mouth of the neighboring fjord Skutulsfjörður, 12 km distance from

the study fjord. The temperature loggers were deployed at depths

between 1.5 (“surface”) and 15 m, and the sea temperature was

recorded at 10-min intervals. Temperature records from the maximum

depth available were considered representative for the benthic

(G. morhua) and semibenthic (P. virens) study species and the daily

mean temperature at 15 m depth was used in the statistical model. In

addition, temperature data were collected at two locations at 2 m

above the seafloor at 13 and 30 m depth in the study area, inside and

close to the mouth of the fjord from 12 September until the

07 November 2021. The temperature data from the study fjord were

at a similar range and described the same trend as the temperature

measured from Skutulsfjörður (Figures 1 and S3).

2.6 | Fish fates

Fish fate was assigned to investigate the emigration and dispersal pat-

tern of juvenile G. morhua and P. virens. Fish were classed as (1) “left
fjord” when their last detection was at one of the two outermost

gates, (2) “winter residency” when the individual mean absence period

(i.e. temporal absence of detections) was smaller than the

period between last detection and retrieval of the receivers, (3) “pre-
dation mortality” when predation tags (V5D) were triggered, or

(4) “unknown” when last detection occurred within gates 1 to 4 and

no other fate applied.

2.7 | Mortality

The instantaneous rate of mortality was determined for each species

based on predation events indicated by acidity sensors (V5D). The

yearly and daily instantaneous mortality rate (Z) was calculated using

Nt = N0e
�Zt (Anderson & Gregory, 2000), where N0 is the number of
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fish carrying V5D tags at beginning of the study period (N0G.morhua = 3

and N0P.virens = 5 in 2020, N0G.morhua = 10 and N0P.virens = 5 in 2021),

and Nt is the number of untriggered V5D tags (NtG.morhua = 3 and

NtP.virens = 5 in 2020, NtG.morhua = 7 and NtP.virens = 5 in 2021) at the

end of the study period (107 days in 2020, 129 days in 2021). From

the instantaneous mortality rate calculated for each study year and

species, the weighted mean based on numbers of V5Ds used in each

study year was calculated for G. morhua and P. virens.

2.8 | Statistical analysis

2.8.1 | Seasonal migration

To quantify the effect of fish length, body condition (k), year, and spe-

cies on the likelihood of leaving the study area, a Cox proportional

regression model (CPH) was fitted for data on all fish. The event indi-

cator of the hazard function was assigned with score “0” for fish with

fate “winter residency”, “unknown,” and “predation mortality”
(n = 39), while score “1” was given to individuals with fate “left fjord”
(n = 30). The last detection day (day of year) of each individual was

used as the measure of time from baseline to event or censoring.

Model selection with a stepwise reduction by interaction terms and

covariates was used to select the best supported model. The starting

CPH model was fitted with the covariate “species” and interaction

terms for body length and species, body condition and species, and

year and species. The model included the interaction terms to account

for the expected intraspecific differences within the explanatory vari-

ables. The best model indicated by the Akaike information criterion

(AIC) was the CPH with an interaction term for body length and spe-

cies and the two covariates “body condition” and “year” (ΔAIC = 1.1

to second best model) (see model comparison in Table S2):

Surv dayof last detection,status� length : speciesþbody conditionþyearð

The CPH was performed in the “survival” package using the coxph

function (Therneau, 2024).

2.8.2 | Distribution at nearshore nurseries

To account for potential effects on the fish from handling, surgery,

and relocation, the movement data collected during the first 48 h post

release were excluded in the following analysis. Consequently, the

data frame was reduced from 18,368 HPE to 17,318 HPE and

the number of fish analyzed decreased from 69 to 62.

The effect of temperature, fish length, diel period, and timing of

release on the depth distribution of individual G. morhua and P. virens

was evaluated by fitting a generalized additive mixed model (GAMM)

to the HDEs using the bam function of the R-package mgcv

(Wood, 2017). The statistical family was a gamma distribution with log

link function. The model was fitted with species and length as inter-

acting fixed effects, plus five smooth terms. Two smooth terms of

class thin plate regression spline were fitted for temperature and day

since release. Hour of the day was fitted using a smooth term of class

cyclic cubic regression spline and was used to investigate the diel vari-

ation in the juveniles' depth distribution. An interaction term between

longitude and latitude was included using a Gaussian process

smoother. Individuals' ID was included with the random effect smooth

term “re”:

depth� species�lengthþ s temperature; by¼ speciesð Þ
þ s day since release; by¼ speciesð Þþ s hour; by¼ speciesð Þ
þ sðlongitude; latitudeÞþ s idð Þ

To account for differences between species, three smooth terms

(temperature, day since release, and hour of the day) included the

interaction term by species. The smooth term for day since release,

that is the count of detection days for individual fish starting with

1 on the release day, was included to account for variation in the

release date and hence the potential for different temperature experi-

ence among individuals. The interactive smoother between longitude

and latitude smooth term was included after spatial correlation was

indicated by GAMM residuals. Smoothing parameters in both models

were estimated using restricted maximum likelihood.

The model diagnostics included the inspection of fitted residuals

and smoothness parameter k using the gam. check function in mgcv

(Wood, 2017). Model dispersion was tested using a simulation-based,

nonparametric dispersion test in the R-package Dharma

(Hartig, 2022). Fitted residuals were mapped and visually inspected

for spatial autocorrelation.

Finally, as tagged fish were released at different times, potentially

affecting the detection period and thereby the subsequent analysis,

the effect of the release date on the detection period of individuals

was tested using a Spearman correlation test. The variables were “day
of the year” for the release date and “count of detection days” for

individual fish.

3 | RESULTS

Acoustically tagged fish were detected between 24 July to

12 November 2020 and 09 July to 17 November 2021. Mean daily

surface temperatures during the study periods were similar between

2020 (Tsurf = 7.2�C) and 2021 (Tsurf = 7.8�C), as were mean daily tem-

peratures at 15 m (T15 = 8.1�C and T15 = 8.3�C, respectively). How-

ever, the temperature range in 2021 was greater (Figure 3). Daily

mean surface temperatures ranged from 2.5 to 13.1�C in 2020 and

from 0.8 to 16.9�C in 2021. Temperatures at 15 m depth ranged

between 6.3 and 9.3�C in 2020 and between 4.2 and 11.1�C in 2021.

Based on the exclusion criteria described above, the telemetry

data from 43 G. morhua and 26 P. virens were used for the statistical

analysis (Table 1 and S1). Moreover, two G. morhua and five P. virens

with less than a 48-h detection period were excluded from the data

modeled in the GAMM. The time spent in the study area differed

between individuals and species. G. morhua was detected for
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significantly longer periods (mean = 41 days, SD = 30.8) than

P. virens (mean = 16 days, SD = 17.6) (Table S1) (Wilcoxon test,

p < 0.001). No significant correlation was found between release date

and the detection period tested for species or year (Spearman correla-

tion, p > 0.2).

Based on a comparison of the V7TP depth sensor data and the

HDEs, HDEs were a good indicator of fish depth for G. morhua but

not for P. virens. The vertical distribution from the V7TP depth sensors

occurred at a mean depth of 42 ± 0.53 m for G. morhua (n = 5) and

4.8 ± 0.56 m for P. virens (n = 4). No significant difference (Wilcoxon

test, p = 0.39) was found between the observed depth (V7TP) of

G. morhua and the HDEs, indicating that G. morhua were distributed

near the sea floor. In contrast, there was a significant difference

(Wilcoxon test, p < 0.001) between observed depth (V7TP) and HDEs

for P. virens, with V7TP depth describing a much shallower, near-

surface distribution (Figure 5b).

3.1 | Fish fates

Tagged juveniles were assigned to one of four fish fates (Table 2). Out

of 43 G. morhua, 47% dispersed from the study area (“left fjord”) and
26% remained in the fjord until the receiver retrieval (“winter resi-

dent”). Predation mortality was assigned to 7% of G. mohua based on

triggered acidity sensors and 21% had an unknown fate. The fate

“winter resident” was only assigned to small G. morhua and accounted

for 50% of the individuals below 20 cm. Out of 26 P. virens, 38.5% left

the study fjord and 61.5% were assigned to an unknown fate.

F IGURE 3 Proportion of (a) Gadus morhua and (b) Pollachius virens dispersing from the fjord during the study period in 2020 and 2021 shown
by empirical cumulative distribution functions for 10-cm size classes (stepped lines). Water temperature at surface (light blue) and 15 m depth
(dark blue) during the study period is shown on the second y axis. Thick blue lines show conditional mean temperatures (smooth method loess)
and thin lines are observed daily mean temperatures. Shaded areas show the 95% confidence interval.

TABLE 1 Summary data for the 69 acoustically tagged Gadus morhua and Pollachius virens tagged in the Icelandic Westfjords.

Year Species
Number of
individuals

Length, cm: M ± SD
(min–max)

Weight, g: M ± SD
(min–max)

Number of
transmitters
V5/V5D/V7TP

Counts
of HPEs

HDE, m: M ± SD
(min–max)

2020 G. morhua 15 16.5 ± 2.5 (12.6–22.4) 51.9 ± 28.4 (23.2–141.8) 14/3/0 5554 21.4 ± 5.2 (12.1–28.7)

2021 G. morhua 28 19.6 ± 5.3 (13.2–30.2) 105 ± 91.7 (22.3–326.5) 12/11/5 9596 29.2 ± 11.3 (11.2–46.7)

2020 P. virens 15 16.6 ± 4.3 (11.7–22.8) 62.0 ± 44.4 (16.4–138.6) 10/5/0 1581 17.0 ± 3.7 (10.2–25.6)

2021 P. virens 11 19.5 ± 3.1 (13.7–22.6) 92.5 ± 41.9 (28.5–143.5) 2/5/4 1590 13.8 ± 3.8 (9.2–22.1)

Note: The depth information is based on hourly depth estimates (HDEs).

Abbreviations: HPE, hourly position estimate; M, mean; min–max, minimum–maximum; SD, standard deviation.
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Individuals with unknown fates could have left the fjord or died, since

receiver losses within the outer gates and close to land in 2021 may

have reduced the detections during the out-migration from the fjord,

especially for P. virens.

3.2 | Mortality

Predation of tagged juveniles was investigated by using 23 V5D trans-

mitters. Of those, three acidity sensors, all carried by G. morhua, were

triggered in 2021 (note: only two of the three fish were detected for

more than 24 h and hence only those two are included in Table 2).

The instantaneous mortality rate based on predation of G. morhua

was 0.78/year (0/year in 2020, 1.01/year in 2021) and 0.0021/day

(0/day in 2020, 0.0028/day in 2021). No predation transmitter was

triggered in P. virens, so the instantaneous mortality rate was esti-

mated as 0.

3.3 | Seasonal migration

In the Cox proportional hazards model, the effect of fish length signifi-

cantly affected the likelihood of G. morhua (p < 0.01) and P. virens

(p < 0.01) leaving the fjord (Table 3). Larger fish were more likely to

leave the fjord than smaller ones (hazard ratio [HR]G.mohua = 1.17,

HRP.virens = 1.23) (Table 3). The model with the best fit (AIC; Table S2)

also included body condition and year, suggesting that both covariates

impact the likelihood of G. morhua and P. virens leaving the fjord. Both

the likelihood ratio test (p < 0.01) and Wald test statistics (p < 0.01)

for the CPH model were significant.

3.4 | Distribution at nearshore nurseries

The results from the GAMM showed a strong effect of G. morhua

body length on depth, as inferred receiver depths (Figure 4). Juveniles

smaller than 20 cm occupied significantly shallower waters (mean-

= 20.4 m, SD = 9.7 m) than G. morhua larger than 20 cm

(mean = 44.1 m, SD = 12.8 m) (Wilcoxon test, p = <0.001) (Table 4).

Conversely, P. virens occupied mainly nearshore, shallow waters with

little variation in inferred depth (mean = 15.0 m, SD = 8.2 m)

between different body lengths (Figure 4).

Changes in the water temperature mainly affected the depth dis-

tribution of juveniles inhabiting the shallow waters of the study area

(Figure 5). Individuals smaller than 20 cm moved into slightly shal-

lower waters with decreasing temperatures. The GAMM results indi-

cated a shallow distribution of larger G. morhua at temperatures

around 8.5�C, but this may represent the distribution of newly tagged

individuals after their release into shallow waters (Figure S5). More

variation in horizontal distribution was observed in small G. mohua

TABLE 3 Summary results of the
Cox proportional hazards model
evaluating the effect of covariates on the
migratory propensity of juvenile Gadus
morhua and Pollachius virens.

Characteristic Coefficient HR 95% CI lower 95% CI upper p value

k 3.69 40.14 0.39 4.16E+03 0.12

y 0.95 2.59 0.95 7.08 0.06

G. morhua:length 0.16 1.17 1.08 1.27 <0.01

P. virens:length 0.21 1.23 1.12 1.36 <0.01

Note: The covariates included species, body length, body condition (k), and year (y).

Abbreviations: CI, confidence interval; HR, hazard ratio.

F IGURE 4 Comparisons of the
depth distribution of 5-cm size-classes
of juvenile Gadus morhua and
Pollachius virens for the entire study
period and area. Each box represents
50% of the fish depth predictions
(GAMM) distributed between the 1st
and 3rd quartiles. The notch on each
box indicates the 95% confidence
interval of the median. Whisker length
is limited to 1.5*interquartile range
and points represent individual values
outside this range.
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than in large individuals. P. virens smaller than 20 cm increased in

depth with decreasing temperatures, from a mean depth at 10.9 m

above 8�C to 19.3 m below 8�C, reflecting an increase in their dis-

tance to land at lower temperatures (Figure 5).

Diurnal vertical migration was exhibited by G. morhua, especially

by G. morhua smaller than 20 cm (Figure 6a). The juveniles moved

from deeper areas during the day into shallower waters closer to land

during night. This pattern was described by both the model predic-

tions and the observed depth data from the five G. morhua with depth

sensors (Figure 6a,b). No diurnal vertical migration was observed for

P. virens.

The interactive smoother between longitude and latitude in the

model, included to correct for spatial correlation, confirmed the distri-

bution of larger G. morhua in the central and deeper areas of the fjord

F IGURE 5 Depth distribution of juvenile Gadus morhua and Pollachius virens as a function of water temperature at 15-m depth and fish
length. Solid lines are fish depth estimates from GAMM predictions (smooth method gam) and gray points are the observed fish depth weighted
by counts of HDEs. Light red areas show the 95% confidence interval.

TABLE 4 Parameter estimates for the generalized additive mixed model (GAMM) summarize the effect of each predictor on the hourly depth
estimates (HDEs) of juvenile Gadus morhua and Pollachius virens.

Smooth term Species Edf

Ref.

df F value p value

Parametric

coefficient Estimate

Standard

error t value p value

Intercept 2.82 0.05 42.39 <0.01

P. virens �3.19 2.27 �1.41 0.16

G. morhua:

length

1.20E�2 <0.01 3.431 <0.01

P. virens:length �1.11E�3 <0.01 �0.16 0.87

s(h, by = species) G. morhua 1.88 2.00 26.82 <0.01

s(h, by = species) P. virens 1.63 2.00 9.53 <0.01

s(lon, lat) 16.00 16.00 1.18E+04 <0.01

s(temp,

by = species)

G. morhua 8.42 9.26 19.39 <0.01

s(temp,

by = species)

P. virens 5.11 6.19 7.48 <0.01

s(dar, by = species) G. morhua 8.44 9.79 9.44 <0.01

s(dar, by = species) P. virens 9.97 10.17 14.00 <0.01

Note: The predictors included species and body length as fixed effects with interaction effect and smooth terms for daytime (h), longitude and latitude (lon,

lat), water temperature at 15 m depth (temp) and day after release (dar). All smoothers except “lon, lat” included the interaction term “by species”.
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(Figure S4a). Small G. morhua and P. virens were closer to land, espe-

cially close to the western shore, where the tagged fish were released

(Figure 1). The variation in juvenile depth distribution along the fjord

increased with latitude, reflecting the fjord's bathymetry. Overall,

G. morhua went deeper with increasing latitude, while, despite

increasing variation in the depth distribution, P. virens stayed equally

shallow along the fjord (Figure S4b).

GAMM results showed little effect of “day after release” on the

depth distribution of small G. morhua (Figure S5). For larger G. morhua,

the model predictions indicated a shallow distribution during the first

days after release as well as around 50 days after release. Larger

P. virens went deeper with time after release, while no clear trend was

apparent for smaller P. virens.

The covariates and smooth terms in the GAMM explained 97.2%

of the variance of the depth distribution of juvenile G. morhua and

P. virens (R2 = 0.96). High significance (p < 0.001) of the random

effect term in the GAMM indicated high between individual variation

(Table 4). The difference between simulated and observed model dis-

persion was close to 1 (dispersion parameter = 1.05, p = 0.008).

4 | DISCUSSION

The results from our study revealed wide horizontal and vertical distri-

bution of age 1 and 2 G. morhua within the fjord. Larger G. morhua

inhabited deeper, cooler waters than smaller juveniles. Ontogenetic

shifts to deeper habitats have previously been linked to a decrease in

optimal temperatures with G. morhua body size (Tirsgaard

et al., 2015). Larger juveniles may disproportionately benefit from

cooler temperatures that decrease metabolic rates and growth, but

also increase longevity (Malek et al., 2004; Valenzano et al., 2006).

Conversely, smaller juveniles may benefit more from increased growth

rates, fuelled by warmer temperatures, and diverse feeding grounds in

the shallowest waters (Árnason et al., 2009; Perry et al., 2018). A

wider thermal tolerance may allow small juvenile G. morhua to remain

within shallow waters despite seasonal temperature fluctuations

(Tirsgaard et al., 2015). In contrast to G. morhua, P. virens of all size

classes were mainly observed in shallow waters close to land. This is

consistent with previous studies in North America (Cargnelli

et al., 1999) and the Faroe Islands (Bertelsen, 1942) where age group

0 and 1 P. virens inhabited the inter and subtidal areas during summer

and autumn. The cooccurrence of different size classes of juvenile

P. virens suggested that neither thermal range nor intraspecific compe-

tition limited their occurrence in the shallow water habitats.

Predation is another potential driver for the depth segregation of

juvenile G. morhua. Shallow vegetated rocky shores provide structured

habitats suitable for small juvenile fish to hide from predators

(Bogstad et al., 2016; Riley & Parnell, 1984). The presence of active

predators, including conspecifics, is known to drive juvenile G. morhua

into structurally more complex habitats (Gotceitas et al., 1995;

Rangeley & Kramer, 1995b) and predation pressure is expected to

increase with depth because of less vegetation and larger fish

(Linehan et al., 2001).

Irrespective of the main driver, segregation by depth, as observed

between size classes of G. morhua and between P. virens and larger

G. morhua, may reduce resource competition among the gadoids.

F IGURE 6 Depth distribution of Gadus morhua and Pollachius virens as a function of fish size and hour of day. (a) Solid lines show the
estimated fish depth predicted from the GAMM (smooth method gam) and points are calculated hourly depth estimates (HDEs) weighted by their
counts. (b) Box plots compare observed values from depth sensors (V7TP) of G. morhua (n = 5) and P. virens (n = 4) between hours of the day.
Points show depth measurements from depth sensors (V7TP) weighted by their counts.
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Despite ontogenetic niche shifts (Ólafsdóttir et al., 2015), competition

for trophic resources between different sized juvenile G. morhua pre-

vails as larger individuals feed on small prey items when large prey is

absent (Hanson & Chouinard, 2002; Link et al., 2009). Habitat overlap

in the current study occurred primarily between small juvenile

G. morhua and P. virens. However, a demersal distribution of

G. morhua and semi-pelagic distribution of P. virens was confirmed by

depth sensors (V7TP), suggesting vertical separation between the spe-

cies within the water column. Again, vertical segregation may reduce

niche overlap and facilitate coexistence of different species and

cohorts at nurseries.

The observed variation in the depth distribution of G. morhua

may also be linked to diel migration patterns. Numerous studies sug-

gest that diel migration of G. morhua results from nocturnal feeding

migrations into relatively shallow waters driven by multiple factors,

such as rich feeding resources, predation risk (Espeland et al., 2010),

optimal metabolic rate (Árnason et al., 2009; Tirsgaard et al., 2015),

and growth (Armstrong et al., 2013). In the current study, the

observed diel migration patterns were most pronounced among juve-

nile G. morhua smaller than 20 cm, indicating that vertical diel migra-

tion changes with ontogeny. This is in accordance with a study on

G. morhua in Norway, which showed a stronger vertical diel migration

pattern among “small” juveniles (35 cm) than larger ones (75 cm)

(Freitas et al., 2015). The absence of a diel horizontal movement in

P. virens is contrary to a previous beach seining study in the Bay of

Fundy where juvenile P. virens was more abundant in shallow waters

during night than day (Rangeley & Kramer, 1995a). However, most

transmitters used in the current study did not include depth sensors,

which limited the possibilities to identify very small-scale fish move-

ment as in the case of potential vertical migration of P. virens within

the shallow waters.

The two species also differed in larger scale migration patterns.

Dispersal from the study fjord often occurred when water tempera-

tures were high, suggesting seasonal temperature fluctuations as

potential triggers for migration timing of P. virens and larger G. morhua

from summer habitats. Juvenile P. virens dispersed from the study area

earlier in the warmer year of 2021 when the last detections of

P. virens occurred before temperatures reached their annual maxi-

mum. The dispersal of G. morhua, especially larger individuals,

occurred during the first half of September. This time reflects

decreased thermal stratification usually leading to mixing of warm,

surface layers and deeper layers, and consequently to the increase of

near-bottom temperatures (Pinet, 2019). The decrease of the thermo-

cline as well as changes in the bottom temperatures have previously

been suggested to affect migration timing of demersal G. morhua

(Comeau et al., 2001; Cote et al., 2004). Changing temperatures are

known to trigger migration timing, for example in juvenile salmonids

(Teichert et al., 2020; Whalen et al., 1999), and water temperatures

exceeding the optimal thermal range can affect the distribution and

migration of gadoids on both small (Freitas et al., 2016) and large (Von

Leesen et al., 2022) scales.

The optimum thermal range of fish declines with body size

(Lindmark et al., 2022), and this has been confirmed in laboratory

studies for juvenile G. morhua (Árnason et al., 2009; Tirsgaard

et al., 2015). No experimental study on the thermal optimum is avail-

able for juvenile P. virens. However, fisheries surveys in the Gulf of

Maine found juvenile P. virens (<30 cm) most abundant at water tem-

peratures between 3 and 12�C (Cargnelli et al., 1999). In the current

study P. virens left the fjord at temperatures exceeding a similar range

of 3–11.6�C, supporting the previously reported thermal range. For

both species, an early dispersal from summer foraging grounds may

lead to a shortened time for energy uptake, growth, and consequently

lower amounts of lipid storage. Long-term data from the Skagerrak

coast in Norway showed a lower abundance and smaller body sizes of

age 0 G. morhua during unfavorable hot summer temperatures

(>16�C) (Rogers et al., 2011). Hence, increased summer temperatures,

due to global climate change, may reduce the feeding period of juve-

nile G. morhua and P. virens in the nearshore summer habitats, leading

to reduced growth rates and consequently to increased predation

pressure and winter mortality.

G. morhua smaller than 20 cm were present in the fjord through-

out the study period, across a wide thermal range, suggesting that nei-

ther photoperiod nor temperature cued seasonal migration of this

group. Intrinsic factors such as body condition or thyroid hormone

level have been suggested to determine migration timing between

summer and overwintering grounds in adult G. morhua (Comeau

et al., 2001, 2002). In the current study, body size was the main factor

determining the juveniles' migratory propensity as only G. morhua

smaller than 20 cm stayed until the end of the study period in mid-

November. Two previous studies using acoustic telemetry on age 2+

juvenile G. morhua found that around 30% of the fish remained within

shallow summer nurseries during winter, especially small individuals

and individuals with poor body condition (Cote et al., 2004; Strøm

et al., 2023). In the current study, body condition was determined dur-

ing the surgical implantation of the transmitter and may have changed

during the study period in summer and autumn, when annual somatic

growth rates are highest. Nevertheless, the hazard ratio from the Cox

model showed a trend for fish with lower body condition to be less

likely to leave the fjord.

Homing behavior could also contribute to the tendency to leave

the fjord considering that tagged fish originated from adjacent fjords.

High site fidelity and homing behavior have previously been described

for different life stages of G. morhua (Morris et al., 2014; Svedäng

et al., 2007) and P. virens (Jónsson et al., 2007; Saha et al., 2015).

G. morhua were detected for periods up to 127 days (mean = 41),

suggesting that the juveniles, especially smaller individuals, settled

successfully after translocation. Conversely, P. virens stayed for

shorter periods but differences of detection periods between years

suggested that temperature rather than homing behavior determined

the timing of dispersal. Even though homing behavior cannot be

excluded, no evidence for instantaneous homing behavior was found

for either species.

The partial migration of juvenile G. morhua from the in-fjord for-

aging ground suggested seasonal migration as a flexible strategy, per-

haps to reduce predation and optimize energetic expenditure. Small

juvenile G. morhua benefit from increased levels of antifreeze
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glycoprotein that allow them to remain within the shallow waters for

extended periods (Goddard et al., 1997), thereby avoiding increased

predation in deeper waters. Moreover, winter residency might reduce

energetic costs and thereby increase winter survival for the smallest

fish as small fish burn lipid reserves at higher rates (Bochdansky &

Leggett, 2001). Small juvenile G. morhua with poor body condition

prior to winter are generally at greater risk of winter mortality

(Geissinger et al., 2022), therefore winter residency of small juvenile

G. morhua with poor body condition at the lowest temperatures could

be a strategy to reduce the amount of metabolized fat reserves and

with that to increase the chance of winter survival. Contrary to juve-

nile G. morhua all the tagged P. virens left the study fjord. However, it

remains unclear if this reflects a habitat shift since they remained

close to land, and in shallow waters, as they dispersed.

The instantaneous mortality rate for G. morhua was 0.78/year

(0.0021/day), considerably higher than previous estimates for age 1–4

juvenile G. morhua (0.3 and 0.6/year), based on bottom trawl surveys

(Neuenhoff et al., 2019). Acoustic telemetry can be used to predict

mortality rates with high accuracy but assigning the cause of mortality

to fish that are not continuously detected can be challenging (Lennox

et al., 2023; Vollset et al., 2023). Because fish fates could not be

assigned to all fish in the current study, only data from juveniles carry-

ing a predation sensor were used for calculations of the mortality

rates, therefore mortality rates only reflect predation from fish or

marine mammals, excluding predation events that may have happened

out of range of the receivers and avian predation, which may be high

in Iceland (Fayet et al., 2021). Moreover, a recent study on the effec-

tiveness of acidity sensors showed that only 50% of predation events

were identified by V5D transmitters (Lennox et al., 2021). No preda-

tion on P. virens was indicated by the sensors, despite more P. virens

being tagged with predation transmitters than G. morhua. This sup-

ports the hypothesis that shallow, structurally diverse habitats reduce

predation pressure on juvenile fish (Perry et al., 2018). Even though

the relatively small sample size of 23 V5D transmitters used in this

study does not allow precise estimates of predation mortality,

this study provides the first mortality estimates on juvenile G. morhua

and P. virens based on acoustic telemetry.

To conclude, our results highlight the importance of nearshore

habitats as nursery grounds for age 1 and 2 G. morhua and P. virens.

Results showed a clear vertical segregation between size groups and

species, which were likely driven by size-dependent thermal prefer-

ences, predation pressure, and niche differentiation among juvenile

gadoids at summer nurseries. Changes in the water temperature

affected the distribution of juvenile G. morhua and P. virens at nurser-

ies and were a major driver for leaving the fjord. Higher temperatures

during the second study year led to an early out-migration of P. virens,

highlighting the effect of temperature on the gadoid juvenile distribu-

tion in shallow nurseries. The utilization of nearshore habitats of juve-

nile G. morhua extends from the summer feeding period and into the

winter for a subset of the population, potentially enhancing energetic

benefits and reducing predation pressure during the winter months. In

relation to climate change, our findings suggest that juvenile gadoids

will spend less time in the nearshore summer habitats to avoid high

water temperatures and consequently may suffer from reduced

growth and increased predation pressure, leading to higher juvenile

mortality.
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