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ABSTRACT
The mating system of the iconic Atlantic cod (Gadus morhua) has been described as a lek, a mating system where male–male 
agonistic interactions are expected. However, observing such behaviors directly in marine environments is challenging. So far, 
the evidence supporting the importance of agonistic interactions between males is mainly derived from laboratory studies with 
fish kept in close confinement, possibly elevating the observed levels and their perceived importance. In natural aquatic systems, 
agonistic interactions may be inferred from acoustic telemetry transmitters fitted with accelerometers, given that they are asso-
ciated with high activity levels. A large telemetry dataset on Atlantic cod was collected during (i) a field study at two Western 
Norway spawning grounds from 2019 to 2024 and (ii) a close confinement net—pen study in 2019–2020. A total of 154 sexed 
mature Atlantic cod were tagged with acoustic transmitters fitted with accelerometers and depth sensors, yielding ~1.5 million 
accelerometer detections for subsequent activity analyses. In the net-pens, male cod showed much higher activity levels than fe-
males. Overall activity levels were reduced in the field, but male activity levels remained higher than those of females during the 
spawning period. A prominent feature of coastal cod spawning along the Norwegian coast is that males tend to dwell deeper than 
females. We therefore explored whether depth influenced activity patterns of males and females. This was indeed the case with 
males being more active than females at fish depths > 20 m and no sex-difference in activity levels closer to the surface (< 20 m 
depth). No sex difference in activity levels was found outside the spawning period. Our data suggest that male–male agonistic 
interactions, inferred from activity levels, are present on natural spawning grounds for Atlantic cod, albeit at reduced levels 
compared to levels exhibited in net–pen confinement. We hypothesize that the heightened activity levels of males compared to 
females when occupying deeper waters are related to their overall deeper distribution and territorial and agonistic behavior at 
these depths, agreeing with the lek description of the cod mating system.

1   |   Introduction

Teleost fish are the most numerous vertebrate group on Earth, 
with approximately 30,000 species identified to date (Helfman 
et  al.  2009). This group exhibits remarkable reproductive di-
versity (Smith and Wootton  2016). The most common teleost 

reproductive mode is broadcast spawning, where fish release 
their gametes into the water column. A notable group of broad-
cast spawners is the gadoids, a group of mainly demersal fish 
predominantly residing in the Northern Atlantic (Howes 1991). 
The most commercially and culturally important gadoid is the 
Atlantic cod (Gadus morhua), which has supported fisheries and 
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human settlements on both sides of the Atlantic for millennia 
(Hutchings and Rangeley  2011; Martinez-Garcia et  al.  2022). 
Once described as a promiscuous, broadcast group spawner 
where sexual selection is primarily driven by sperm competition 
(Stockley et  al.  1997) and where there is little opportunity for 
mate choice (Berglund 1997; Morgan et al. 1999), this description 
has since been refuted by a large body of evidence. Laboratory 
studies have demonstrated courtship behavior (Table  S1), for 
example, males following and circling females in their vicin-
ity and engaging in “ventral mounts” or a mating embrace, 
whereby the male is positioned underneath the female, gonadal 
pores close together, clasping her with his enlarged pelvic fins 
inducing gamete release by both sexes (Brawn 1961b; Hutchings 
et al. 1999; Skjæraasen, Meager, and Hutchings 2010). Male—
male agonistic interactions (Table S1), such as chasing, involving 
rapid swimming toward another male, prodding, or other rapid 
approaches toward other males is also frequently observed in 
confinement (Brawn 1961b; Hutchings et al. 1999; Skjæraasen, 
Meager, and Hutchings 2010). Sound production is also associ-
ated with these behaviors and commonly heard during spawn-
ing (Hawkins and Rasmussen 1978; Rowe and Hutchings 2006; 
Skjæraasen et al. 2012). These mating behaviors are suggested 
to form the basis for female choice (Skjæraasen, Meager, and 
Hutchings 2010; Skjæraasen, Meager, Karlsen, et al. 2010), re-
sulting in large male reproductive skews with some males sir-
ing a disproportionate amount of eggs (Bekkevold 2006; Rowe 
et  al.  2008). Field observations have further identified male 
aggregations at spawning grounds, which females apparently 
approach when ready to spawn (Morgan and Trippel  1996). 
Individual females, particularly the larger ones, will also 
often visit multiple spawning sites during one season (Olsen 
et al. 2023).

The cod mating system is, therefore, currently more often 
described as a lek (Nordeide and Folstad  2000; Windle and 
Rose  2007). In lekking species, male—male agonistic behav-
ior is common and often related to competition for small terri-
tories (Rathore et  al.  2023). The outcome of such interactions 
may impact male reproductive success by allowing males to ob-
tain central positions favored by females (Bro-Jorgensen 2002; 
Shorey 2002; Small et al. 2009) or through female preference for 
large, dominant males, because, as has been suggested for cod 
(Rowe et al. 2008) and bumphead parrotfish Bolbometopon mu-
ricatum (Munoz et al. 2014), this may minimize the chance of 
interrupted matings. However, observing agonistic interactions 
directly in the aquatic realm is challenging, which is particu-
larly true for cod, given that spawning typically occurs at depths 
> 30 m (Meager et  al.  2009; Skjæraasen et  al.  2024). The evi-
dence supporting the importance of male–male agonistic inter-
actions for the cod mating system is thus hitherto derived from 
laboratory studies where cod have been kept in close confine-
ment. Interestingly, Dean et al. (2014) noted that male cod on a 
Massachusetts spawning ground generally had non-overlapping 
territories. They suggested that the levels of agonistic interac-
tions seen in the laboratory may be elevated (i.e., biased) due 
to the higher densities or increased encounter rates with con-
finement also preventing subordinates from avoiding conflict 
through dispersal (Sloman and Armstrong 2002), although the 
relation between density and agonistic behavior is not necessar-
ily linear (Fenderson and Carpenter 1971; Weir et al. 2011; de 
Jong et al. 2012).

One indirect way of detecting fish activity levels in the oceanic 
environment is the use of telemetry techniques, and, specifically, 
the use of accelerometer acoustic transmitters. These transmit-
ters typically record movement along the X, Y, and Z axes during 
listening windows, which are transmitted as one averaged value 
and detected by receivers deployed in the water column (Lennox 
et al. 2023). High-energy behaviors, such as predatory feeding 
events and agonistic interactions (e.g., male–male interactions 
during cod spawning), typically involve short bursts of intense 
activity, including chases that elicit fleeing responses in the re-
cipient (Brawn 1961a; Hutchings et al. 1999). These behaviors 
can therefore be detected as high values in the accelerometer 
data (Nakamura et al. 2011; Watanabe et al. 2019). Here, we take 
advantage of this methodology to examine the putative occur-
rence and importance of male—male agonistic interactions for 
naturally spawning Atlantic cod. First, we analyze sex-specific 
activity levels in a confined net-pen study and compare them 
with activity recorded at two natural spawning grounds in west-
ern Norway during spawning. We then assess how these pat-
terns differ between the spawning season and the non-spawning 
(feeding) period.

2   |   Methods

2.1   |   Fish Capture and Tagging

Cod were caught in December or January 2019–2024 using baited 
pots and gillnets. The fish were kept in net-pens for 1–2 weeks 
within the two study areas of Bakkasund and Osen, until tagging 
and release, or transfer to net-pens. Prior to tagging, fish were 
anesthetized in a bath of seawater and MS-222 (50 mg/L seawa-
ter). Subsequently, each cod was measured for weight and length, 
and sexed using ultrasound (Mindray DP-50Vet equipped with a 
75L50EAV 5–10 MHz transducer (Shenzhen Mindray Bio-Medical 
electronics, China), where sex was determined by visual appear-
ance of gonads and maturity by gonad diameter as described by 
Karlsen and Holm  (1994)). Egg biopsies were obtained from all 
females with subsequent analysis of oocytes by image analysis, 
allowing confirmation of sex and spawning readiness (Thorsen 
and Kjesbu 2001). An acoustic tag was inserted in the body cavity 
through an incision made on the ventral side of the fish, which was 
then closed by two sutures. Two types of acoustic tags transmit-
ting accelerometer data have been used during the study (V13AP, 
V13TP ADST tags, Innovasea, Canada). These tags transmit 
unique identity codes (IDs) at 69 kHz. Transmissions occurred 
at random intervals, on average every 250 s with a minimum and 
maximum delay of 200 and 300 s, respectively, except in 2024 
when the minimum and maximum delays were set to 40 and 60 s. 
Tags with more than one sensor alternated transmissions between 
the sensors (1:1 ratio). The accelerometer data is transmitted from 
the tags (Tables  1 and 2) as one single smoothed value derived 
from a 25 s period that samples movement in the X, Y, and Z di-
rections at a frequency of 12.5 Hz. The minimum and maximum 
value transmitted was 0 and 3.43 m/s2, respectively, except for 
accelerometer tags used in 2024, where the minimum and max-
imum values transmitted were 0 and 4.9 m/s2. In addition to the 
internal tagging, an external T-bar tag (TBA standard anchor t-bar 
tag; Hallprint, Australia) was anchored at the base of the anterior 
dorsal fin for visual recognition of tagged fish. After tagging, cod 
were returned to a tank filled with a constant supply of seawater 
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to recover from the tagging procedure, before being released at 
central positions within their respective spawning grounds of cap-
ture, or into the net-pens (Figure 1). Here, we only consider data 
from sexually mature cod tagged with accelerometer tags for fur-
ther analyses (ntotal = 154, nfield = 138, nnetpen = 16, Tables 1 and 2). 
The study was approved by the Norwegian Food Safety Authority, 
permission nos. 18,034 (2019–2021), 26,019 (2021), 28,733 (2022–
2023), and 29,943 (2023–2024).

2.2   |   Net-Pen Study

A net-pen study was conducted at IMR's research facility at 
Austevoll, western Norway (Figure 1). Here, standard aquaculture 
nets with an internal circular bag, both nets made of tarpaulin, 
were mounted on a square net frame at the surface. The circular 
bag housing the cod (n = 15–20, Table 1) was 5 m in diameter and 
5 m deep with an additional 1-m deep central cone (Figure S1). All 
net-pens received a continuous flow of deep water supplied at the 
surface at a rate of 100 L/min. The fish were kept in the pens from 

March 22 to April 15, 2019, and from Feb 28 to March 19, 2020. 
Monitoring of spawning behavior during this time was made pos-
sible through side-mounted underwater video cameras. Over the 
2 years, 16 fish were tagged with acoustic telemetry tags (Table 1) 
following the procedure described above. Tag transmissions were 
detected by VR2W receivers placed just outside the net-pen area. 
During the spawning period, fish were exposed to short intermit-
tent noise from a downscaled seismic air-gun. Although no noise 
impact on acceleration values was detected (Rugetveit 2024), the 
period where fish were exposed to noise (Table S2) was omitted 
from the dataset used for final analyses. This yielded a final data-
set of 20,997 accelerometer detections for analyses from February 
and March.

2.3   |   Field Study

The field study was conducted at two known cod spawning 
grounds near Austevoll: Bakkasund and Osen (Figure 1). These 
two spawning grounds have comparable maximum depths of 
about 80–100 m. The tagged cod (Table  2) were monitored by 
fixed arrays of acoustic telemetry receivers (models VR2Tx and 
VR2AR, Innovasea, Canada, Figure  1) that were deployed on 
each spawning ground in November 2018. These grids have en-
abled studies on general cod behavior and movement on both 
grounds since then (e.g., Skjæraasen et al. 2024). The Bakkasund 
grid is still operational, whereas the Osen grid was discontin-
ued and removed in June 2023. Receiver maintenance and data 
download have been conducted at least once per year during 
early summer (May–June) after the spawning season. Since 2020, 
the Bakkasund spawning ground has also been used intermit-
tently as a test site for investigating behavioral responses of fish 
to anthropogenic sound sources. Cod tagged at the Bakkasund 
spawning ground were therefore exposed to anthropogenic 
sound (seismic survey sources, ship noise, and playback of low-
frequency sound) during controlled exposure experiments in 
the spawning seasons of 2020, 2021, 2022, and 2024, and the 
feeding period of 2023. Each exposure experiment lasted only 
between 3 and 5 days, with fish being exposed to sounds inter-
mittently during these periods. Similar to the net-pen study, any 
behavioral changes, if detected at all, were typically minor and/
or transient (McQueen et al. 2022, 2023, 2025); however, in line 
with the treatment of the net-pen study, data from all exposure 
periods were omitted from final analyses (Table S2). For further 
details on grid deployment, fish capture, and the study sites we 

TABLE 1    |    Summary data for the net-pen study. “Net-pen” denotes 
different net-pens. Fish is the total number of fish in each net pen at the 
experimental start, and Tagged fish is the number of cod tagged with 
accelerometer tags. The numbers of males (M) and females (F) in the 
respective net-pens are given in parentheses. Mean length is the average 
length of the tagged fish.

Year
Net-
pen Fish (n)

Tagged 
fish (n)

Mean 
length 
(cm)

2019 1 17 (10 F, 7 M) 1 (1 F) 62 (F)

2019 2 15 (9 F, 6 M) 2 (1 M, 
1 F)

68 (F), 
59 (M)

2019 3 17 (10 F, 7 M) 1 (1 M) 52.5 (M)

2020 1 20 (11 F, 9 M) 4 (2 F, 
2 M)

78.5 (F), 
63 (M)

2020 2 20 (10 F, 10 M) 4 (2 F, 
2 M)

67 (F), 
54 (M)

2020 3 17 (9 F, 8 M) 4 (2 F, 
2 M)

72 (F), 
70 (M)

TABLE 2    |    Summary data for the cod tagged with accelerometer tags in Bakkasund and Osen yearly from 2019 to 2024 that yielded data for the 
present study. F represents females, M represents males, n is the number of fish tagged, and L is their mean length.

Year

Bakkasund Osen

F (n) FL (cm) M (n) ML (cm) F (n) FL (cm) M (n) ML (cm)

2019 3 73.4 4 57.3

2020 11 70 10 62.4 7 53.7 3 51.8

2021 4 59.1 9 49.5 7 53.4 8 52.4

2022 6 68.3 14 61.8

2023 4 70.0 7 54.4

2024 21 60.6 20 56.4
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refer to McQueen et al. (2022); McQueen et al. (2023); McQueen 
et al. (2024).

2.4   |   Data Filtering, Preparation, and Analyses

All analyses were performed using R version 4.3.0 (R Core 
Team 2023). The base library of R and the tidyverse packages 
(Wickham et al. 2019) were used for data organizing.

2.4.1   |   Initial Data Filtering and Data Preparation 
of Field Data

To correct for receiver clock drift, a linear correction based on the 
satellite clock time stamp at receiver initiation and download was 
first applied, using the autocorrect function in the software pro-
vided by the receiver manufacturer (VUE, Innovasea). The time-
corrected datasets were used for all further data analyses within 
R and span the period from January 29, 2019 (first release of fish) 
to June 7, 2024 (last data download relevant for the present study).

Prior to statistical analyses, the time-corrected field data were 
filtered to (i) remove fish that were detected but did not exhibit 
vertical movement for > 1 day and, thus, were assumed to be dead 
(Villegas-Ríos et al. 2020), (ii) remove repeated counts of the same 
signal transmission detected at several stations, and (iii) remove 
dubious/erroneous detections, defined as a single daily detection 
of a given fish ID within the grid. For (i), all data were removed if 
the fish never displayed any vertical movement, whereas only the 
period after vertical movement ceased was removed if fish initially 
displayed vertical movement. For (ii), we only included the first re-
corded detection if any data with the same fish ID and sensor value 
were detected within the minimum tag delay at multiple stations.

The tags alternate between transmitting depth and accelerometer 
values. To be able to employ fish depth as an explanatory variable 
in data analyses of the field data (see below), we assigned each ac-
celerometer transmission to the depth detection closest in time for 
the same fish. If no depth detections were found within 1800 s be-
fore or after the accelerometer transmission, the data point was re-
moved from the final dataset used for analyses. Overwhelmingly, 
the depth transmission before or after the accel transmission was 
used to assign the accelerometer transmission depth; that is, the 
depth assigned to the accelerometer detections in 2019–2023 had 
typically been observed 200–300 s before or after the accelerometer 
detection. This procedure resulted in the assignment of 98% of the 
accelerometer transmissions to a depth. The analyses were further 
restricted to fish depths ≤ 60 m due to few detections (< 2%) deeper 
than this, and only fish data from the tagging year were included. 
The tags used in 2024 transmit data ~5 times more frequently than 
in the other tagging years. To minimize effects on transmission 
frequency on our results, data for the 2024 fish were trimmed, and 
only every fifth activity measurement for each fish was included 
in the final analysis. This yielded final datasets of 752,102 and 
272,059 accelerometer transmissions from the wider Bakkasund 
spawning ground area and the Osen spawning ground, respec-
tively (Figure 1).

2.5   |   Data Analyses

2.5.1   |   Net-Pen Data

The accelerometers transmit right-censored data, that is, if the 
recorded smoothed value is at or above the threshold value, 
they deliver the threshold (maximum) value. This right censor-
ing was particularly obvious in the net-pen data (Figure S2). 
To deal with this censoring, we used data imputation for the 

FIGURE 1    |    Map of the study area. Left panel: the Bakkasund spawning ground grid (yellow points), Osen spawning ground grid (red points), and 
the site of the net-pen study (black point). For Bakkasund and Osen, the size of the points is scaled to the number of detections at each logger. Right 
panel: location of the study area on the Norwegian coast.
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threshold values for both the net-pen and field data using the 
censlm package (Marttila  2024). For further details on this 
procedure, see the Supporting Information. The imputed 
data (Figure  S2) were then aggregated to deal with zero in-
flation at the level of individual fish. For each fish, the mean 
of all acceleration values recorded during the study period 
was used as the dependent variable in the analyses; that is, 
each fish contributed one data point to the analysis. The cat-
egorical variable sex and the continuous variable fish length, 
and their interaction were included as explanatory variables 
in the initial starting model using base R. Aggregated values 
for individual fish were given a weight equal to the log of the 
number of accelerometer detections to account for variable 
detection numbers. Model selection was performed by use of 
the ‘dredge’ command of the MuMIn package (Barton 2020) to 
arrive at the most parsimonious model with the lowest AICc 
score. All variables included in the best model or in a model 
within 2 AICc units of the best model were retained for the 
final model used in analyses (Hurvich and Tsai 1989). Final 
model validation was performed by visual inspection of the re-
siduals. This model selection and model validation procedure 
was also used for the models on the field data described below.

2.5.2   |   Field Data

We first split the field data into two different seasons: a spawn-
ing period lasting from February to March and a feeding period 
lasting from May to December, thus omitting the transitional 
months of January and April. We first looked at overall sex dif-
ferences in activity levels in Osen and Bakkasund. For these 
analyses, we used the same aggregation method for the activity 
response variable as described above for the net-pen data and 
again weighted the aggregated mean values for individual fish 
by the log of the number of detections. In Osen, we used the 
same linear starting model as employed for the net-pen data. For 
Bakkasund, we employed a mixed-effect model using the lmer 
function of the lme4 package in R (Bates et al. 2015) with activ-
ity level as the response variable and the categorical variable sex, 
the continuous variable length, and their interaction as fixed ef-
fects with year, given that we had 6 years of data for Bakkasund, 
also included as a random effect. The same starting models for 
Osen and Bakkasund were employed separately for the spawn-
ing period and, in contrast, the feeding period.

Male cod typically stay deeper than females during the spawn-
ing period along the Norwegian coast (Meager et al. 2009; Barth 
et  al.  2019; Skjæraasen et  al.  2024). It was therefore hypothe-
sized that activity levels differ with depth between the sexes. 
Indeed, exploratory plots indicated clear sex-dependent patterns 
of accelerometer values with depth during the spawning period, 
but not during the feeding period (Figure 2). To examine these 
aspects more thoroughly, more complex models were run for 
the spawning period only at both study grounds. These latter 
models included the categorical variables sex and depth category 
(< 20 m, > 20 m) and their interaction as explanatory variables 
in the starting model, with FishID and year (Bakkasund only) 
treated as random effects. Data were again aggregated at the 
level of individual fish, and the mean activity level for individual 
fish was used as the response variable. However, given that the 
same fish typically was detected in both deep and shallow water 

layers and hence yielded two values for the analysis, FishID 
was incorporated as a random effect. The glmmTMB package 
(Brooks et al. 2017) employing a gamma distribution with a log-
link function was used for model fitting. Activity levels for in-
dividual fish were again weighted by the log of the number of 
detections.

The analyses described above provide information on overall 
activity levels for males and females and how it interacts with 
fish depth. We also wanted to explore if the proportion of ac-
tivity measurements likely associated with high activity and 
agonistic interactions, such as chasing and burst movements, 
differed between sexes and how it might interact with fish 
depth during the spawning period. Previous studies on wild 
cod, where acoustic transmitters equipped with accelerometers 
were used to assess their daily patterns or behavioral states, 
found that acceleration values higher than 2 m/s2 are relatively 
uncommon (van der Knaap et al. 2021; McQueen et al. 2024). 
Similarly, studies in laboratory swim trials have reported that 
faster movements of cod (burst, sprint) show the highest accel-
eration values (above 2–3 m/s2) (Videler 1981; Nelson et al. 2002; 
Broell et al. 2016). We, therefore, denoted activity levels > 2 m/s 
as high activity and calculated the proportion of high activ-
ity levels in shallow (< 20 m) and deep water (> 20 m) for each 
fish. This value (P_HV) was then employed as the dependent 
variable in beta regression models. We used beta regressions as 
these produce less biased estimates and more straightforward 
statistical inference when dealing with continuous proportions 
(Douma and Weedon 2019). We used the glmmTMB command 
with the beta-family and logit link function from the glmmTMB 
package for model running (Brooks et al. 2017). As beta regres-
sion models only allow proportions in the range (0,1), the data 
were first transformed following equation (1) in Douma and 
Weedon  (2019). The categorical variables sex and depth cate-
gory (< 20 m, > 20 m) and their interaction were incorporated 
as explanatory fixed effect variables in the starting model, 
with FishID and year (Bakkasund only) treated as random ef-
fects. Transformed P_HV values for individual fish were again 
weighted by the log of the number of detections.

3   |   Results

3.1   |   Net-Pen Study

Males showed very high activity levels and significantly more so 
than females (p < 0.0001, Table 3 and Figure 3) in the net-pen. A 
slight negative effect of fish length was also retained in the final 
model (Table 3).

3.2   |   Field Study

3.2.1   |   General Model

The overall activity levels, especially for males, were lower in the 
field compared to in the net-pen (Figure 3). Even so, male val-
ues were higher than female values at both spawning grounds 
during the spawning period (Figure 3 and Table 4). In contrast, 
there was no sex difference in activity levels during the feed-
ing period (Figure 3) (Table S3). Body length was selected as an 
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6 of 13 Ecology and Evolution, 2026

explanatory variable in the final model for the feeding period 
but not for the spawning period in Osen and not for any periods 
in Bakkasund (Table 4 and Table S3).

3.2.2   |   Depth-Dependent Patterns

The more complex models for Bakkasund showed higher over-
all activity levels for both males and females in the upper water 

column (less than 20 m from the surface) than when in deeper wa-
ters, with no overall sex difference in activity levels in the upper 
water column (Figure  4 and Table  5). In deeper waters, males 
had significantly higher activity levels than females (p < 0.0001, 
Table 5 and Figure 4). In Osen, there was again no difference be-
tween male and female activity levels in the upper water column. 
In deeper waters, female activity levels were strongly reduced 
compared to the upper water column. This was not the case for 
males, resulting in significantly higher levels for males compared 
to females here (p < 0.0001, Table 5 and Figure 4). The proportion 
of high activity measurements (P_HV) showed the same pattern 
as the activity levels, that is, there was no difference in shallow 
water, but a significantly higher proportion of high activity val-
ues for males in deeper waters (ps < 0.0001, Table 6).

4   |   Discussion

Using acoustic telemetry accelerometer tags, we investigated 
activity levels of male and female cod in a confined net-pen 
study and contrasted these to activity levels at two spawning 
grounds. Males confined to net-pens were much more active 
than females, whereas this difference between sexes was less 
pronounced on natural spawning grounds. Importantly, males 
were more active than females during the spawning season, 
irrespective of whether they were in net-pens or on spawning 
grounds. In contrast, there was no sex difference in activity 

FIGURE 2    |    Summary exploratory plot showing overall activity levels for males and females for every 1 m from the surface to 60 m depth for males 
and females for Bakkasund and Osen. Mean values were first calculated for every individual for all depth bins. The average of these mean values ±1 
SE is shown in the plot.

TABLE 3    |    Summary of the activity level results for the net-pen 
study. The treatment contrast of R was used in the analyses, with the 
intercept value depicting the value for females. Brackets indicate the 
categorical variables sex, that is, males (M), tested against this reference 
value.

Predictors 
(Intercept)

Activity levels

Estimates CI p

1.82 0.70–2.93 0.004

Sex [M] 1.11 0.78–1.45 < 0.001

Length −0.00 −0.00–0.00 0.155

Observations 16

R2/R2 adjusted 0.860/0.839

Note: Significant p - values (p < 0.05) are given in bold.
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7 of 13Ecology and Evolution, 2026

levels outside the spawning period. The sex difference in activity 
levels during spawning further manifested itself as elevated val-
ues for males compared to females when in deeper waters, while 
no sex differences were observed in shallow water layers (< 20 m 
from the surface). The fact that the higher activity levels only 

occur for males during spawning suggests that it reflects higher 
levels of agonistic interactions between males linked to mating 
competition. In contrast, heightened activity levels associated 
with courtship behavior should arguably lead to a concurrent 
increase in female activity levels.

FIGURE 3    |    Summary plot of the activity levels for males and females in the net-pen study and the field. Mean values were first calculated for 
every individual. The average of these mean values ±1 SE is shown in the plot.

TABLE 4    |    Summary of the activity level results for the general models for Bakkasund and Osen during the spawning period. The treatment 
contrast of R was used in the analyses, with the intercept value depicting the value for females. Brackets indicate the categorical variable sex, that 
is, males (M), tested against this reference value. The top part of the model shows the results for the fixed effects, and the bottom part shows the 
random effects.

Predictors (Intercept)

Activity levels Bakkasund Activity levels Osen

Estimates CI p Estimates CI p

0.82 0.71–0.92 < 0.001 0.70 0.59–0.81 < 0.001

Sex [M] 0.11 0.02–0.20 0.014 0.31 0.13–0.48 0.001

Random effects

σ2 0.39

τ00 0.01 year

ICC 0.02

N 6 year

Observations 112 28

Marginal R2/Conditional R2 0.008/0.032 0.337/0.311

Note: Significant p - values (p < 0.05) are given in bold.
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8 of 13 Ecology and Evolution, 2026

FIGURE 4    |    Summary boxplots of the activity levels and proportion of high values (Prop_HV). The proportion of activity levels > 2 m/s2, for males 
(blue) and females (red) in shallow (< 20 m) and deep water (> 20 m) at the Bakkasund and Osen spawning grounds.

TABLE 5    |    Summary of the activity level results for the more complex models for Bakkasund and Osen during the spawning period. The treatment 
contrast of R was used in the analyses, with the intercept value depicting the value for females in shallow water less than 20 m. Brackets indicate the 
categorical variables sex, that is, males (M), or depth category, that is, deeper waters (> 20 m), and their interaction tested against this reference value. 
The top part of the model shows the results for the fixed effects, and the bottom part shows the random effects.

Predictors

Activity levels—Bakkasund Activity levels—Osen

Estimates CI p Estimates CI p

(Intercept) 0.16 0.05–0.28 0.005 0.01 −0.16 – 0.18 0.903

Sex [M] −0.04 −0.18 to 0.10 0.615 −0.17 −0.44–0.09 0.196

Depth Cat [ > 20 m] −0.97 −1.00 to −0.93 < 0.001 −0.73 −0.81 to −0.65 < 0.001

Sex [M] × Depth Cat [> 20 m] 0.55 0.50–0.60 < 0.001 0.83 0.70–0.97 < 0.001

Random effects

σ2 0.05 0.07

τ00 0.13 Serial 0.10 Serial

0.00 year

ICC 0.73 0.59

N 112 Serial 28 Serial

6 year

Observations 212 54

Marginal R2/Conditional R2 0.436/0.843 0.350/0.732

Note: Significant p - values (p < 0.05) are given in bold.
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4.1   |   Net-Pen Study

Animals often show different behavior in the laboratory than in 
their natural environment. This could directly relate to the stress 
of captivity, or it may be caused by increased density in the labo-
ratory compared to the field. On the one hand, agonistic male—
male interactions may increase in higher densities simply because 
a male encounters more males (de Jong et al. 2012); on the other 
hand, competitive behavior could break down in the presence 
of too many competitors (Fenderson and Carpenter  1971; Weir 
et al. 2011). For spawning cod, the present results clearly indicate 
the former. Frequent agonistic interactions were indeed observed 
directly in the net-pen study (Rugetveit 2024). When fish identity 
and hence sex could be identified, this involved male fish. This 
aligns with the observation that male activity levels as detected by 
the accelerometer tags were very high and much exceeding that of 
females in the net-pens.

Agonistic interaction is widespread in animals and known 
to induce stress, especially during crowding and reproduc-
tion (MacLeod et  al.  2023). Stress during breeding is also 
often associated with competition and crowding (MacLeod 
et  al.  2023) and, as is the case for cod (Rose  1993; Nordeide 
and Folstad  2000), breeding aggregations often represent a 
peak in density in animals usually living in less dense groups. 
Dean et al. (2014) noted that male cod on a spawning ground 
off Massachusetts showed home ranges with little overlap 
and questioned whether the high levels of aggressive interac-
tions typically observed in laboratory studies (Brawn  1961b; 
Hutchings et al. 1999; Skjæraasen, Meager, and Hutchings 2010; 
Skjæraasen, Meager, Karlsen, et al. 2010) would be representa-
tive of how mating plays out in the wild. Our findings clearly 

support this notion. Agonistic interactions are costly in terms 
of time, energy, and risk of injury (Forkman and Haskell 2004; 
Beaulieu et al. 2014), but stable dominance hierarchies reduc-
ing such behaviors may be less likely to develop when fish are 
held at high densities (Sverdrup et al. 2011). Agonistic interac-
tion levels can be reduced via local dispersal (Westcott 1997), 
subordinate avoidance of dominant male territories (Morales 
et al. 2014), and habitat complexity, allowing subordinates to 
avoid such interactions by seeking shelter in habitat refugia 
(Ruberto et al. 2024). The confined net-pen situation minimizes 
the opportunity for all these modes of conflict de-escalation 
compared to the natural situation in the field.

4.2   |   Field Study

Lekking is a relatively rare but extensively studied phenome-
non shedding light on sexual selection and mating strategies 
(Balmford 1991; Kokko 1997; Parrish and Edelstein-Keshet 1999). 
In leks, males typically aggregate, likely to increase attraction for 
females to the area, and then defend territories devoid of any re-
sources within the lek, directly competing with one another for ac-
cess to mates (Rathore et al. 2023). Even though male activity levels 
were much reduced on the natural spawning grounds compared to 
the net-pen situation, males still showed significantly higher activ-
ity levels than females on both study grounds during the spawning 
period. No such difference in activity levels was seen at other times 
of the year. This is consistent with male–male agonistic interac-
tions being associated with spawning and the description of the 
cod mating system as a lek (Nordeide and Folstad 2000). Thus, the 
present results, and notably the difference in both overall activity 
levels and the proportion of high activity values (> 2 m/s2) between 

TABLE 6    |    Summary of the results for the proportion of high accel values (P_HV) for Bakkasund and Osen during the spawning period. The 
treatment contrast of R was used in the analyses, with the intercept value depicting the value for females in shallow water less than 20 m. Brackets 
indicate the categorical variables sex, that is, males (M), or depth category, that is, deeper waters (> 20 m), and their interaction tested against this 
reference value. The top part of the model shows the results for the fixed effects, and the bottom part shows the random effects.

Predictors (Intercept)

P_HV Bakkasund P_ HV Osen

Estimates CI p Estimates CI p

−2.03 −2.24 to −1.83 < 0.001 −2.13 −2.46 to −1.79 < 0.001

Sex [M] −0.04 −0.31 to 0.23 0.761 −0.22 −0.74 to 0.30 0.400

Depth Cat [> 20 m] −1.60 −1.70 to −1.50 < 0.001 −1.06 −1.20 to −0.92 < 0.001

Sex [M] × Depth Cat [> 20 m] 0.81 0.68–0.93 < 0.001 0.82 0.59–1.06 < 0.001

Random effects

σ2 0.21 0.17

τ00 0.44 Serial 0.43 Serial

0.00 year

ICC 0.72

N 112 Serial 28 Serial

6 year

Observations 212 54

Marginal R2/Conditional R2 0.661/NA 0.229/0.779
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males and females at depths deeper than 20 m, agree with this de-
scription. Male cod overall stay deeper than females during the 
spawning period along the Norwegian coast (Meager et al. 2009; 
Barth et al. 2019; Skjæraasen et al. 2024). The present study fish 
conformed to this pattern, with male depths clearly deeper overall 
than females (Figure 5 and Figure S3) at both spawning grounds. 
Female cod will perform periodic descents towards male depths, 
with these descents putatively associated with courtship and 
mate choice, egg release, and spawning (Skjæraasen et al. 2024). 
Following the lek hypothesis, male agonistic interactions toward 
other males and thereby male activity levels are expected to be 
more elevated at depth than those of females, which is indeed what 
we observe here.

The present study also highlights the need for future studies 
to advance understanding of the cod mating system. Here, we 
looked at the overall activity levels of fish and the proportion of 
high activity values for both sexes. Males may be acting partic-
ularly aggressively toward other males in core areas or defend a 
territory where they spend most of their time, as is commonly 
observed in lekking species (Rathore et  al.  2023). This aspect 
could be examined further by individual home range analyses in 
combination with the identification of possible spatial and tem-
poral patterns in activity levels, focusing on where and when the 
highest values occur. Such studies would be especially useful on 
spawning grounds where a substantial proportion of spawners 
can be tagged. Similarly, the female periodic descents toward 
male depths (Skjæraasen et al. 2024) may also be associated with 

somewhat elevated activity levels for females at depth, a ques-
tion also worth further exploration.

A large number of fish were tagged and provided data for 
the present study, and the difference in activity levels was 
clear and pronounced during the spawning period and ab-
sent otherwise. We thus feel confident that our results reflect 
real differences in activity levels between the sexes on these 
spawning grounds and that these differences are related to 
the cod mating system. This does not necessarily mean that 
the same sex-dependent patterns of activity are ubiquitous for 
spawning cod, as population differences in mating strategies 
may exist (Dean et al. 2014). Second, we believe that the most 
parsimonious explanation for our results is antagonistic in-
teractions between males. However, this is inferred from the 
observed activity levels and not from direct observation in the 
field. There are other behaviors, such as feeding, that would 
cause high activity levels (Nakamura et  al.  2011; Watanabe 
et  al.  2019), and this could influence our results somewhat, 
but we do not believe it is likely that such behaviors should 
cause the sex difference observed only during the spawning 
period and in deeper waters as observed here.

5   |   Conclusions

In conclusion, this study provides evidence that levels of male 
Atlantic cod agonistic behavior in close confinement, such as 

FIGURE 5    |    Density distribution of depths during the spawning period for the Bakkasund and Osen spawning grounds for males (M) and females 
(F).
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laboratory and net-pen studies, likely are elevated compared to 
the natural situation, but that male—male agonistic interactions 
also occur on natural spawning grounds. Along the Norwegian 
coast, male cod occupy deeper waters than females during 
spawning. This is likely associated with territorial behavior and 
male–male agonistic interactions, causing heightened male ac-
tivity levels at depth in line with the lek description of the cod 
mating system. We hypothesize that the same may apply to cod 
populations elsewhere where such depth segregations have been 
observed.
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Supporting Information section. Data S1: Supporting Information. 
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