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1.  INTRODUCTION 

Evolution has shaped the foraging behaviour of 
predators towards optimizing the search for prey 
over the long run (Pyke 1984), but many free-ranging 
predators are thought to make foraging decisions 
with little, if any, knowledge of present resource dis-
tribution and availability (Stephens & Krebs 1986, 
Sims et al. 2008). Due to technical difficulties in 
measuring movements of marine predators, their 
optimal foraging strategies remain largely unre-
solved. The development of data loggers attached to 
fish has allowed depth changes to be recorded with 
high frequency, but, in most cases, it is not possible to 
measure accurately the horizontal movement of free-
swimming individuals. Data sets in which the depth 
of a predator was recorded every minute suggested 

that several different species of marine predators 
were adopting Lévy-type foraging behaviour, which 
is a random short-distance search at a given depth 
with occasional longer depth changes to continue 
searching at a new depth (Sims et al. 2008). Optimal 
search theory predicts that predators should adopt 
Lévy movements where prey is sparse and distrib-
uted unpredictably (Humphries et al. 2010). 

Low-frequency depth changes, measured in hours, 
have been studied extensively for many fish species, 
such as salmonids (Brett 1971), various species of 
tuna (e.g. Holland et al. 1990, Furukawa et al. 2014), 
a benthic shark (Sims et al. 2006), and Atlantic cod 
Gadus morhua (e.g. Hobson et al. 2007, Espeland et 
al. 2010, Freitas et al. 2015). However, studies of 
high-frequency depth changes in fish, measured in 
seconds or a few minutes, are much less common. 
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ABSTRACT: The main aim of this study was to investigate high-frequency depth changes in wild 
adult Atlantic cod Gadus morhua. The analysis was based on depth measurements collected with 
implanted data storage tags. The study was part of a ranching project carried out in an Icelandic 
fjord. In the project, net bags with frozen fish were regularly provided during the daytime at 4 sta-
tions where some cod formed distinct ‘herds’ (‘herd cod’) that did not mingle much with the rest 
of the unconditioned cod in the fjord (‘wild cod’). After tagging, some of the cod resumed life in 
the herds, whereas other cod left the herds immediately. On 20 subsequent Mondays, the elec-
tronic tags were programmed to measure at the highest frequency (every 30 s), and these results 
were used to study high-frequency depth changes in 4 wild cod and 4 herd cod, the latter as a con-
trol group. Several times, rapid cyclical depth changes were observed in both groups. This behav-
iour, which sometimes lasted for hours, was highest during dawn and dusk in wild cod but peaked 
during daytime in herd cod after deployment of the feed bags. The occurrence and properties of 
these vertical undulations varied greatly between fish, dates, and time of day. Most commonly, the 
periods of the cycles varied between 1 and 4 min and the heights between 2 and 4 m, but there 
were examples of much larger undulations. The results indicate that wild adult cod swim along 
vertically undulating paths when searching for prey, most likely to optimize foraging.  
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Atlantic cod is a dominant top predator in the 
North Atlantic (Holt et al. 2019). Its predatory impact 
and foraging behaviour have been extensively 
 studied with various approaches, e.g. using stomach 
content analysis (Pálsson 1983, Lilly 1994, Björnsson 
et al. 2011b), acoustic measurements (Rose 1993, 
Björnsson & Reynisson 2013), acoustic tags and trian-
gulation (Løkkeborg 1998, Løkkeborg & Fernö 1999), 
data storage tags (DSTs) (Neat et al. 2006, Sims et al. 
2008, Espeland et al. 2010), modelling (Huse et al. 
2004), and feeding experiments (Björnsson 1993, 
Björnsson et al. 2018). Still, relatively little is known 
about the foraging strategy and the shape of the 
search path adopted by adult cod. 

Cod are opportunistic predators that feed on a vari-
ety of prey at different times of the 24 h period 
depending on prey availability (Mattson 1990). Cod 
can capture fast-swimming prey and usually catch 
one prey at a time by individually directed attack 
(Mattson 1992). Juvenile cod feed mainly on crus-
taceans and various other invertebrates, but with 
increasing age and size their diet consists increas-
ingly more of fish, especially capelin Mallotus villo-
sus and other pelagic fish  species in the North 
Atlantic (Pálsson 1983). Adult cod spend a large part 
of their time near the seabed, where they may be 
resting, digesting, or foraging on benthic animals or 
demersal fish, but occasionally they ascend into the 
pelagic zone to feed on energy-rich pelagic prey 
(Pálsson & Thorsteinsson 2003, Hobson et al. 2007, 
Strand & Huse 2007). Generally, cod stay deeper dur-
ing the day than during the night (Espeland et al. 
2010). 

Peculiar swimming behaviour of Atlantic 
cod was observed in a ranching study in 
east Iceland (Björnsson 2011). These wild 
cod had been conditioned to feed at the 
sound of a low-frequency signal. On one 
occasion, several fish followed the feeding 
boat while it drifted slowly into the fjord 
with sound emission turned on but no feed-
ing taking place. During a 24 min observa-
tional period, several cod were monitored 
with an echo sounder with pings every 3 s. 
These 60 cm long fish displayed synchro-
nized horizontal swimming along vertically 
undulating paths. Each undulation was 
40−60 m long with a height of 10−20 m and 
a period of 2 to 3 min (Björnsson & Reynis-
son 2013). 

This incidental observation of condi-
tioned cod suggested that similar searching 
behaviour might occur in wild cod undis-

turbed by human activity. The opportunity to answer 
this question came during a 21 mo ranching experi-
ment in another Icelandic fjord (Björnsson 2011). 
Several cod were implanted with electronic tags pro-
grammed to measure depth every 30 s on 20 consec-
utive Mondays. About half of the tagged cod joined 
the cod aggregations (‘herds’) that remained at the 
feeding stations in shallow and warm water close to 
shore (‘herd cod’). The remaining cod left the feeding 
stations immediately after tagging and resumed nor-
mal life in deep and cold water (‘wild cod’). In the 
analysis of high-frequency depth changes, records of 
4 wild cod and 4 herd cod were studied, with the 
herd cod used as a control group. 

2.  MATERIALS AND METHODS 

The behaviour of adult Atlantic cod was studied in 
tagged fish that were captured, implanted with elec-
tronic tags, and released. Subsequently, data from 
the tags, returned by commercial fishermen, were 
downloaded for analysis. 

2.1.  Study site and ranching experiment 

The study was part of a ranching project in Arnar-
fjördur, a 40 km long fjord on the northwest coast of 
Iceland. Most of the fjord is about 100 m deep with 
steep subsurface slopes (Fig. 1). In winter, the water 
column is well mixed with a temperature of 1−2°C 
and oxygen saturation of 90−100%. During summer 
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Fig. 1. Arnarfjördur, Iceland, with depth contours of 20, 50, and 100 m 
and the locations of the 4 feeding stations (A−D) where the herds of cod  

were formed
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and autumn, the water column is stratified with a 
warmer upper layer, 50−60 m deep, with a maximum 
temperature of 10−12°C in summer. The bottom layer 
remains colder, 2−5°C in summer and 4−7°C in 
autumn, and with oxygen saturation gradually 
decreasing to 40−60% before the onset of winter 
mixing in November. There are moderate semi-diur-
nal tidal currents in the fjord with neap tide about 
1.2 m and spring tide about 3.7 m (Macrander et al. 
2021). 

The purpose of the ranching experiment was to 
explore the potential for increasing the growth rate 
of wild cod and developing efficient and environ-
mentally friendly fishing (Björnsson 2011, 2018, 
Halldórsson et al. 2012). In the experiment, lasting 
from April 2005 to December 2006, a total of about 
260 t of pelagic fish were dispensed at 4 stations 
located close to shore, 2 on the north side (A and B) 
and 2 on the south side of the fjord (C and D), at a 
depth of 20−30 m (Fig. 1). The 4 so-called ‘herds’ 
were entirely formed by local cod attracted by the 
feed provided. 

The feed, frozen in blocks, was put in bags made of 
trawl netting. The bags were hung about 15 m from 
the surface, well above the bottom to avoid benthic 
scavengers. For the first few months, feed was deliv-
ered 5 times wk−1 and after that usually 2 to 3 times 
wk−1. The time of feeding was variable, both with 
respect to the day of the week (Monday−Friday) and 
the time of day (09:00−17:00 h). No specific sound 
signals were emitted during feeding, but the herd 
fish clearly associated the noise from the engine and 
propeller of the feed boat with the arrival of feed. For 
more details about the ranching study, see Björnsson 
(2011). 

2.2.  Electronic tags and fish tagging 

In the study, 70 cod were tagged with DSTs from 
Star-Oddi (www.star-oddi.com) and 31 of those were 
also tagged with acoustic transmitter tags from 
Vemco (www.vemco.com). Similar numbers of tagged 
cod were released in each herd. Two types of DSTs 
were used, DST-centi and DST-milli, both for study-
ing hourly changes in depth but only the former type, 
which was larger and had larger memory, was used 
to study high-frequency depth changes, which are 
the focus of this paper. 

The DSTs measured and recorded temperature 
(°C) and pressure, converted to depth (m), whereas 
the signals from the transmitter tags were recorded 
by receiver buoys anchored near the feeding sta-

tions. On 2−10 June 2005, 39 cod, captured with a 
shrimp trawl outside the herds, were surgically 
implanted abdominally with DSTs, 29 with DST-milli 
and 10 with DST-centi. The DST fish were immedi-
ately released after tagging, but 91% of the retrieved 
fish left the herds immediately and resumed their 
wild foraging behaviour in deeper and colder water 
(Björnsson 2019). 

On 24−27 July 2006, 31 cod, captured with a lift net 
inside the 4 herds, were implanted abdominally, both 
with a DST tag and a transmitter tag: 17 cod with 
DST-milli and 14 cod with DST-centi. The fish were 
released after a 2 d recovery period in subsurface 
cages placed in the vicinity of the herds (Björnsson et 
al. 2011a). Most of the retrieved fish (93%) resumed 
their life in the herds in the shallower (15−35 m) and 
warmer (6−10°C) water, whereas the rest occupied 
the deeper (60−90 m) and colder (3−6°C) area of the 
fjord (Björnsson 2019). In 2006, there were 2 re -
ceivers near each feeding station which recorded the 
presence of the fish with transmitter tags. Surgery 
was performed in compliance with the rules set by 
the Committee on Welfare of Experimental Animals 
established by the Ministry of Agriculture, Reyk-
javík, Iceland. A detailed description of the electro -
nic tags, receivers, and tagging procedure is given in 
Björnsson (2019). 

To monitor rapid changes in depth, the DSTs were 
programmed to measure intermittently at a high fre-
quency, in such a way that the memory would last for 
months. For DST-centi, depth was recorded every 
0.5, 1, and 10 min on Mondays, Tuesdays−Wednes-
days, and Thursdays−Sundays, respectively, to study 
not only high-frequency depth changes but also 
hourly and daily variations which could be used to 
understand low-frequency depth changes, such as 
diel changes in depth. In 2005, the DST-centi began 
to measure on 13 June and the memory was filled on 
1 November 2005. In 2006, the DST-centi began to 
measure on 25 July and the memory was filled on 18 
December 2006, and each tag stored a maximum of 
130 957 depth records. 

For DST-milli, the measuring frequency alternated 
from week to week between 20 and 10 min, but 
every 4 wk the measurements were recorded once 
every minute for 24 h. In 2005, the high-frequency 
measurements occurred on 20−21 June, 18−19 July, 
15−16 August, 12−13 September, and 10−11 October 
(09:27-09:27 h). In 2005, the DST-milli began to 
measure on 6 June and the memory was filled on 22 
October 2005. In 2006, the high-frequency measure-
ments occurred on 7 August, 4 September, 2 October, 
30 October, and 27 November (00:00−00:00 h). In 

57



Aquat Biol 32: 55–70, 2023

2006, the DST-milli began to measure on 24 July and 
the memory was filled on 9 December 2006, as each 
DST-milli stored maximally 21 724 depth records. 
The accuracy of the DST clock was ±1 min per month 
(www.star-oddi.com). 

2.3.  Data analysis 

A total of 39 DSTs were retrieved, but one-third of 
those were not used in the analysis mainly due to 
limited recording time because of either premature 
capture of the tagged fish or a battery problem. Of 
the 26 remaining DSTs, 11 and 15 were deployed in 
2005 and 2006, respectively, 40% DST-centi and 
60% DST-milli. Many of the DSTs showed some 
deviation from zero depth at sea level (onboard the 
boat) and thus the respective depth records were cor-
rected with this offset, e.g. if 5 m were measured on 
average at sea level for a given tag then 5 m were 
subtracted from every measurement of that tag (see 
Björnsson 2019). 

Both DST-centi and DST-milli were used to esti-
mate the diel change in depth for August, Septem-
ber, and October, the average depth of each hour cal-
culated separately for each day and each fish, to 
account for different measuring frequencies. Civil 
dawn and civil dusk (the centre of the sun 6° below 
the horizon) was calculated from date and the lati-
tude and longitude of the study area. In the spectral 
analysis (see below), data from hourly windows were 
assigned according to the average height of the sun 
during that time period (sun height above 0°: ‘day’; 
sun height between 0° and −6°: ‘dawn/dusk’; sun 
height below −6°: ‘night’). 

A total of 8 DST-centi, from 4 wild cod tagged on 
8−9 June 2005 and 4 herd cod tagged on 24−25 July 

2006, collected high-frequency data during all 20 
consecutive Mondays when the DSTs were pro-
grammed to measure every 30 s. The analysis of 
high-frequency depth changes was limited to data 
from these 8 tags. The 8 fish did have several days to 
adjust from tagging to the first day of high-frequency 
recording, namely 11−12 and 6−7 d for the wild and 
herd cod, respectively, and all 20 consecutive Mon-
days were included in the analysis. ‘Hours of high 
activity’ were defined as those with average depth 
change ≥1.0 m per 30 s. Assuming that these depth 
changes were caused by active swimming, the hori-
zontal distance (h) travelled by fish ascending (or de -
scending) 1.0 m was calculated from an assumed tilt 
angle (α) by the following formula: h = cos α / sin α, 
since tilt angles were not measured in the present 
study. 

The wild cod used in the analysis were generally 
smaller than the herd cod (Table 1). Fish sampled 
and dissected at the time of tagging showed that the 
herd cod collected with the lift net inside the herds in 
July 2006 were generally larger and with much 
larger livers than the wild cod collected with the 
shrimp trawl in deeper water outside the herds in 
June 2005; the liver index calculated as a percentage 
of gutted weight was on average 5 and 20% for wild 
and herd cod, respectively (Björnsson et al. 2010). 

In the spectral analysis, to analyze the vertical 
movements of the cod in an objective way, short-time 
Fourier transforms (STFTs) (Oppenheim et al. 1999) 
were calculated in MATLAB for oscillations with 
periods between 1 and 4 min to focus on high-
 frequency depth changes. A comparatively narrow 
Hamming window of 4 times the period was chosen 
to study the high-frequency depth changes in the 
fish. The STFT output was binned in 5 min intervals, 
and mean amplitude of the oscillations during each 
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Number             Tagging              Location 1             L1 (cm)           W1 (g)             Capture         L2 (cm)          Location 2 
 
C1279 W             8.06.05            Outside herds              54                 1527               13.01.06             nd            Arnarfjördur 
C1315 W             8.06.05            Outside herds              59                 1985               28.06.06              65            Arnarfjördur 
C1366 W             8.06.05            Outside herds              59                 2075                7.09.06               64            Arnarfjördur 
C1455 W             9.06.05            Outside herds              66                 2702               16.03.06              70            Breidafjördur 
C397 H              25.07.06                 Herd D                    65                 2887                  2007                 75               Unknown 
C417 H              24.07.06                 Herd A                    79                 5136               16.01.07              87            Breidafjördur 
C480 H              24.07.06                 Herd A                    61                 2590               16.02.07              67            Breidafjördur 
C611 H              24.07.06                 Herd A                    61                 3160               16.01.07              64            Arnarfjördur

Table 1. Information on the 4 wild (W) and 4 herd cod (H) used for the analysis of high-frequency depth changes: identification 
number of DSTs (Number), tagging date (Tagging, dates given as d.mo.yr), tagging location (Location 1), tagging length (L1), 
tagging weight (W1), capture date (Capture), capture length (L2), capture location (Location 2). For tagging, the fish were col-
lected with a shrimp trawl in 2005 and a lift net in 2006. Breidafjördur is a large bay on the west coast of Iceland. Capture date  

for cod C397 H is missing; nd: no data
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interval was calculated. The fish were considered 
‘active’ during each 5 min interval if vertical move-
ments with a period between 1 and 4 min had a mean 
amplitude of ≥1 m (or peak-to-peak vertical distance 
of ≥2 m). ‘Active time’ was defined as the sum of 
active 5 min intervals per hour. ‘Active hours’ were 
defined as those with ≥30 min of active time, ‘domi-
nant period’ was defined as the most common period 
during active time, and ‘dominant amplitude’ was 
the mean amplitude in the dominant period. 

3.  RESULTS 

3.1.  Depth changes 

For data collected every 30 s for 20 Mondays, depth 
changes <0.5 m accounted for 48−64 and 64−67% of 
all movements of 4 wild and 4 herd cod, respectively 
(Table 2). Depth changes of 0.5−1.5 m accounted for 
28−36 and 25−27% and 1.5−4.5 m accounted for 
7−16 and 7−9% of all movements of wild and herd 
cod, respectively. Larger depth changes within 30 s 
intervals were much less common (Table 2); changes 
greater than 10 m were rare events (1:20 938) and 
greater than 20 m extremely rare events (1:230 320). 

A total of 22 depth changes larger than 10 m per 
30 s were observed, 13 made by wild and 9 by herd 
cod (Table 3). Most of the 12 largest depth changes 
(13−29 m) were sudden dives by 1 of the wild cod 
(C1279). Two large ascents (18.8 and 15.0 m) by 2 
wild cod (C1279, C1455) were immediately followed 
by large dives (14.8 and 12.4 m). The 22 largest depth 

changes occurred equally frequently 
at night and day, but the 4 largest dives 
were during the night and the highest 
ascent during the day (Table 3). 

In the study, during summer and 
early autumn, the wild fish occupied 
deeper areas (70−90 m) with lower 
temperatures (3−6°C), whereas the 
herd fish stayed in shallower areas 
(15−35 m) with higher temperatures 
(6−10°C). There was a much greater 
diel change in depth of wild than herd 
cod. The wild cod increased their aver-
age depth by 8−10 m from night to 
day, in August (Fig. 2a), September 
(Fig. 2b), and October (Fig. 2c). In con-
trast, the herd cod decreased their 
average depth by about 1 m from 
night to day during these 3 months 
(Fig. 2). 

By estimating the hourly activity of the fish as 
mean depth changes per 30 s, the wild cod were most 
active at dawn and dusk, and least active during day-
time, but the herd cod were most active during the 
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ΔD       Wild       Wild       Wild       Wild       Herd      Herd      Herd     Herd 
(m)     C1279     C1315    C1366    C1455     C397      C417      C480     C611 
 
0         29898     36809     27398     35526     36879     37782     38666    36636 
1         20494     16196     20964     18213     15445     15577     14341    15553 
2          5703       3436       7209       2726       3705       3001       3109      4187 
3          1084        845        1361        772        1038        786         890        809 
4           247         218         390         232         285         277         373        267 
5            95           60          156          64          157          93          116         93 
6            27            7            63           28           39           48           43          20 
7            12            6            22            8            14           12           21           9 
8             5             1             9             5             8             3             9            3 
9             4             1             3             2             6             1             4            2 
10           2             1             4             1             2             0             2            0 
>10         9             0             1             3             2             0             6            1 

Table 2. Depth changes in 8 cod implanted with data storage tags in Arnarfjör-
dur. Depth was recorded every 30 s on 20 consecutive Mondays for 4 wild cod 
from 20 June to 31 October 2005 and 4 herd cod from 31 July to 11 December 
2006. Here, the depth changes (ΔD per 30 s), rounded to nearest meter, are  

tabulated. For each fish, there were 57 580 depth changes

Fish number   Date    Time (min)  D1 (m)   D2 (m)  ΔD (m) 
 
C1279 W      27.06.05      15:16         66.0       47.2    −18.8    
C1279 W      27.06.05      15:16         47.2       62.0      14.8 
C1279 W      15.08.05      23:56         69.6       85.9      16.3 
C1279 W      10.10.05        1:08         51.1       65.9      14.8 
C1279 W      10.10.05        1:08         65.9       82.6      16.7 
C1279 W      10.10.05        1:37         57.9       79.3      21.4 
C1279 W      10.10.05        2:05         62.0       75.0      13.0 
C1279 W      10.10.05        3:35         56.2       85.3      29.1 
C1279 W      10.10.05      23:20         80.6       93.6      13.0 
C1366 W      29.08.05        3:46         76.6       87.3      10.7 
C1455 W      20.06.05      16:50         72.1       88.0      15.9 
C1455 W      11.07.05        4:15         53.8       38.8    −15.0    
C1455 W      11.07.05        4:16         38.8       51.2      12.4 
C397 H          4.09.06      11:37         16.6         6.1    −10.5    
C397 H          4.09.06      11:42         17.3         5.5    −11.8    
C480 H        31.07.06      14:52         24.2       12.3    −11.9    
C480 H          2.10.06      14:04         19.3         8.1    −11.2    
C480 H          2.10.06      14:07         27.2       15.8    −11.4    
C480 H        20.11.06        9:47           5.8       17.7      11.9 
C480 H        20.11.06      14:19         19.4       32.5      13.1 
C480 H          4.12.06      22:48         54.8       66.5      11.7 
C611 H        20.11.06        9:48         10.3       21.5      11.2 

Table 3. Additional information about the individual depth 
changes larger than 10 m per 30s (ΔD) displayed in Table 2. 
Fish number (W: wild, H: herd), date (given as d.mo.yr) and 
time of measurements, and first and second depth measure-
ment (D1, D2) 30 s apart are shown in chronological order for 
each fish. Negative and positive depth changes refer to  

ascending and descending swimming 
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middle of the day in August (Fig. 3a), September 
(Fig. 3b), and October (Fig. 3c). In wild cod, the aver-
age nocturnal and crepuscular activity was higher in 
August and September (0.8−1.0) than in October 
(0.5−0.7 m per 30 s), whereas their average diurnal 

activity was similar in all 3 months (0.4−0.5). In herd 
cod, the average diurnal activity near noon (0.8−0.9) 
was about twice as high as the average nocturnal 
activity (0.4−0.5 m per 30 s, Fig. 3). 

Commonly, the herd cod reduced their depth at 
the time when the feed bags were deployed and 
started to move up and down for some time, pre-
sumably the time it took to empty the feed bag or 
satiate the fish. This behaviour was used to estimate 
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the length of the feeding time associated with 
deployment of feed bags. In 2006, feed bags were 
deployed on only 7 Mondays (31 July; 28 August; 4, 
11, and 25 September; and 2 and 23 October), out of 
the 20 Mondays being recorded at the highest fre-
quency. For the 4 herd cod, the length of the feed-
ing time was on average 2.2 h in the 13 cases for 
which the typical feeding activity was observed for 
individual fish (13 out of 28 cases). As an example, 
fish C417 at feeding station A, with the largest herd, 
showed this behaviour on 5 Mondays (Fig. 4). Its 
average depth was reduced by 8−10 m, and the 
duration of the feeding activity apparently ranged 
from 1.2 h on 25 September (Fig. 4d) to 2.8 h on 4 
September (Fig. 4b). During feeding, this fish con-

tinuously varied its depth, usually from a minimum 
depth of about 5 m to a maximum of 15 m, with a 
periodicity of 3−4 min. Usually, the feeding activity 
started at the time when the feed bag was deployed, 
but once, on 28 August, the fish went into this feed-
ing mode about 45 min prior to the deployment of 
the feed bag (Fig. 4a). 

There was a large variation in the number of hours 
of high activity per day (mean depth changes ≥1.0 m 
per 30 s) between individual cod on different Mon-
days (Fig. 5). The number was highest in the wild cod 
on 20 June (Fig. 5a) and in the herd cod on 21 August 
(Fig. 5b). For all 20 Mondays, the average number of 
hours of high activity per day was larger for the wild 
fish (3.9 h) than the herd fish (2.9 h). 

3.2.  Cyclical depth changes (CDCs) 

Several times during the hours of 
high activity, rapid CDCs were ob -
served; 8 examples are shown here for 
both wild (Fig. 6) and herd cod (Fig. 7). 
Sometimes the peaks and troughs 
were sharp, indicating quicker turns 
than can be adequately described with 
a 30 s measuring interval. In some 
cases, the fish moved repeatedly up 
and down every 30 s (e.g. Fig. 6d), in-
dicating cycles with a period of about 
1 min and heights 2−5 m. In other 
cases, the periods and heights were 
larger (e.g. Figs. 6e & 7c,g; the positive 
changes lasted for more than 30 s and 
the negative changes for more than 
30 s). In some cases, much larger cy-
cles were observed (e.g. Figs. 6g & 7f). 
Four of 8 examples shown in Fig. 7 
(Fig. 7c,d,g,h) represent high activity 
of herd fish following deployment of 
the feed bag (cf. Fig. 4a,c). However, 
high-frequency depth changes of the 
herd fish were not only limited to the 
daytime (Fig. 7). 

The number of hours of high activity 
(mean depth changes ≥1.0 m per 30 s) 
was highly variable for the days with 
these selected examples, i.e. 3−15 and 
2−13 h for the wild and herd cod, re -
spectively (Table 4). These prolonged 
rhythmic depth changes, which were 
seen both during day and night, were 
of similar magnitude for both wild cod 
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(Fig. 6) and herd cod (Fig. 7). The mean depth 
changes for these selected examples were identical 
for wild and herd cod: 2.0 and 0.3 m per 30 s for the 
highest and lowest hourly activity, respectively 
(Table 4). Commonly at the hour of the highest activ-
ity, each depth change was 2−6 m, but on the same 
day, the hour of the lowest activity usually had 
heights <1 m (Table 4, Figs. 6 & 7). 

As seen in 5 of the examples from Fig. 6, the undu-
lating search pattern of wild cod was highly variable 
between individual fish, date, and hour of the day 
(Fig. 8). For example, during early morning (08:00−
09:00 h) on 10 October, fish C1279 searched with 
large and irregular vertical undulations between 
depths of 76 and 93 m (Fig. 8a, case b in Fig. 6). At 
dawn (06:00−07:00 h) on 5 September, fish C1315 
searched with high-frequency undulations, gradu-
ally increasing the mean depth from about 92 to 
102 m (Fig. 8b, case d in Fig. 6). At night (02:00−
03:00 h) on 1 August, fish C1366 ascended for the 

first 4 min in the water column from 102 to 85 m and 
then started to search with large undulations for 
about 30 min. At that time, the fish increased the 
average depth to about 100 m and initially searched 
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Fig. 6. Eight examples of high-frequency depth changes in 4 
wild cod in Arnarfjördur in 2005. For each fish, 2 dates are 
shown with the lowest (black line) and the highest hourly 
depth change (grey line). (a) C1279, 1 August (low 
17:00−18:00, high 00:00−01:00 h); (b) C1279, 10 October 
(low 11:00−12:00, high 08:00−09:00 h); (c) C1315, 15 August 
(low 19:00−20:00, high 03:00−04:00 h); (d) C1315, 5 Septem-
ber (low 01:00−02:00, high 06:00−07:00 h); (e) C1366, 1 
August (low 14:00−15:00, high 02:00−03:00 h); (f) C1366, 10 
October (low 21:00−22:00, high 15:00−16:00 h); (g) C1455, 
15 August (low 06:00−07:00, high 00:00−01:00 h); (h) C1455, 
5 September (low 00:00−01:00 h, high 21:00−22:00 h) (see  

Table 4a)
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with small undulations for about 15 min and then 
finally resumed the search at a lower depth (Fig. 8c, 
case e in Fig. 6). In the afternoon (15:00−16:00 h) on 
10 October, fish C1366 searched with large undula-
tions at an average depth of about 103 m (Fig. 8d, 
case f in Fig. 6). In the final example occurring during 
the night (00:00−01:00 h) on 15 August, fish C1455 
searched with very large and irregular undulations 
at depths between 53 and 93 m (Fig. 8e, case g in 
Fig. 6). The maximum heights of the vertical undula-
tions in these examples were approximately 12, 6, 10, 
10, and 30 m (Fig. 8a−e, respectively). However, the 
dominant heights in these examples according to 
spectral analysis were 3.2, 3.4, 2.5, 3.7, and 4.0 m, 
respectively (see Table 4a, dominant height = domi-
nant amplitude × 2). 

3.3.  Spectral analysis 

Using spectral analysis to compare the examples 
in Figs. 6 & 7 showed that the CDCs were more 
commonly of higher frequency and lower amplitude 
for the wild cod (Table 4a) compared with the herd 
cod (Table 4b); on average during active hours, the 
dominant period was 2.2 and 3.4 min, amplitude in 
the dominant period was 1.6 and 2.0 m, and num-
ber of cycles in the dominant period was 26 and 
13 h−1 for wild and herd cod, respectively (Table 4). 
Using spectral analysis to study the activity of 
every hour in the entire data set indicates that days 
of inactivity were more common in the herd cod 
than in the wild cod (Table 5). Enumerating the 
active hours shows that although single active 
hours were most common, there were numerous 
examples of active hours lasting for 2 to 7 h and 
even 2 examples of active hours lasting continu-
ously for 12 h (Table 5). 

Spectral analysis confirmed that wild cod were 
most active during dawn and dusk, and least 
active during daytime, and that herd cod were 
most active during daytime. Wild cod were active 
during 25.5% of the hours at dawn and dusk, but 
herd cod were active during 13.4% of the hours 
during daytime (Table 6). During active hours of 
both wild and herd cod, the most common domi-
nant amplitude was 1.0−1.4 m, and amplitudes 
≥1.6 m ranged between 5 and 12% of all active 
hours, highest for herd cod during the day. The 
average amplitude of active hours was similar for 
all 6 groups, 1.2−1.3 m (Table 7), corresponding to 
about 2.5 m heights of the sinusoidal depth cycles 
assumed in the STFTs. 
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Fig. 7. Eight examples of high-frequency depth changes in 
4 herd cod in Arnarfjördur in 2006. For each fish, 2 dates 
are shown with the lowest (black line) and the highest 
mean hourly depth change (grey line). (a) C397, 28 August 
(low 03:00−04:00, high 11:00−12:00 h); (b) C397, 2 October 
(low 02:00−03:00, high 13:00−14:00 h); (c) C417, 28 August 
(low 09:00−10:00, high 13:00−14:00 h); (d) C417, 11 Sep-
tember (low 18:00−19:00, high 15:00−16:00 h); (e) C480, 2 
October (low 22:00−23:00, high 12:00−13:00 h); (f) C480, 27 
November (low 07:00−08:00, high 18:00−19:00 h); (g) C611, 
18 September (low 03:00−04:00, high 17:00−18:00 h); (h) 
C611, 6 November (low 12:00−13:00, high 05:00−06:00 h)  

(see Table 4b)
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4.  DISCUSSION 

4.1.  Diel depth changes 

In the present study, the wild cod primarily occu-
pied deeper and colder areas of the fjord, whereas 
the herd cod stayed mainly in shallower and warmer 
areas close to shore. It is preferable for wild cod, ob -
taining limited amounts of wild prey, to stay mainly 

in the cold water to conserve energy and for the 
amply-fed herd cod to stay mainly in the warm water 
to maximize food intake and growth rate (Björnsson 
2019). The wild cod undertook classical diel vertical 
migrations, ascending several meters at dusk and de -
scending back at dawn similar as that found for juve-
nile and adult cod (30−80 cm) in small inlets on the 
Norwegian Skagerrak coast (Espeland et al. 2010, 
Freitas et al. 2015). The diet of wild cod in Arnarfjör-
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Fish number    Date      Activity     No. of       Hour of      Mean         Mean       Dominant    Active     Dominant    No. of  
                                          level       hours of     the day       depth         depth          period         time      amplitude    cycles  
                                                     high activity                        (m)       change (m)       (min)          (min)            (m)                
 
(a) Wild cod  
C1279              1.08.05     High            4               0−1           84.5            1.76               1.8              35              1.15             20 
C1279              1.08.05      Low             0             17−18         92.4            0.26                                   0                                    0 
C1279            10.10.05     High           15              8−9           82.7            1.92               2.0              40              1.61             20 
C1279            10.10.05      Low             0             11−12         93.6            0.24                                   0                                    0 
C1315            15.08.05     High            6               3−4           69.1            1.46               2.0              25              1.11           12.5 
C1315            15.08.05      Low             0             19−20         69.5            0.32                                   0                                    0 
C1315              5.09.05     High            3               6−7           95.8            2.52               1.2              60              1.70             48 
C1315              5.09.05      Low             0               1−2           81.8            0.31                                   0                                    0 
C1366              1.08.05     High           11              2−3           94.6            2.36               1.2              50              1.25             40 
C1366              1.08.05      Low             0             14−15         95.4            0.52               2.5               5               1.10              2 
C1366            10.10.05     High           11            15−16       103.2             2.62               1.5              60              1.85             40 
C1366            10.10.05      Low             0             21−22         90.8            0.60               4.0              15              1.43            3.8 
C1455            15.08.05     High            5               0−1           73.1            2.29               4.0              40              1.98             10 
C1455            15.08.05      Low             0               6−7           86.4            0.19                                   0                                    0 
C1455              5.09.05     High            4             21−22         89.2            1.42               4.0              40              1.92             10 
C1455              5.09.05      Low             0               0−1           91.6            0.18                                   0                                    0 
Mean high                                           7.4                               86.5            2.04               2.21            44              1.57           25.7 
Mean low                                                                                87.7            0.33               1.56             2                                  0.7 

(b) Herd cod  
C397              28.08.06     High            5             11−12         18.1            2.11               2.2              35              1.72           15.6 
C397              28.08.06      Low             0               3−4           20.4            0.29                                   0                                    0 
C397                2.10.06     High            2             13−14         15.5            2.25               3.5              45              2.00           12.9 
C397                2.10.06      Low             0               2−3           27.4            0.27                                   0                                    0 
C417              28.08.06     High            3             13−14           8.8            2.10               3.5              60              2.44           17.1 
C417              28.08.06      Low             0              9−10          19.4            0.34                                   0                                    0 
C417              11.09.06     High            8             15−16         10.1            2.18               3.5              35              1.59           10.0 
C417              11.09.06      Low             0             18−19         18.4            0.28                                   0                                    0 
C480                2.10.06     High            7             12−13         33.5            2.22               4.0              50              2.27           12.5 
C480                2.10.06      Low             0             22−23         25.2            0.26                                   0                                    0 
C480              27.11.06     High            4             18−19         31.2            1.69               4.0              45              2.62           11.2 
C480              27.11.06      Low             0               7−8           22.0            0.30                                   0                                    0 
C611              18.09.06     High           13            17−18         11.6            2.02               3.0              45              1.79           15.0 
C611              18.09.06      Low             0               3−4           18.7            0.38                                   0                                    0 
C611                6.11.06     High           13              5−6           29.3            2.00               3.5              45              1.95           12.9 
C611                6.11.06      Low             0             12−13         18.7            0.64               4.0               5               1.08            1.2 
Mean high                                           6.9                               19.8            2.07               3.40            45              2.05           13.4 
Mean low                                                                                21.3            0.34               1.38            0.6                                 0.2

Table 4. Additional information about the 8 examples of high-frequency depth changes of (a) 4 wild cod (see Fig. 6) and (b) 4 
herd cod (see Fig. 7). Results are shown for both the hour of the highest (High) and lowest (Low) average depth change. Hours 
of high activity are those with mean depth changes ≥1.0 m per 30 s. The hours of the day during darkness are shown in bold. 
The mean depths and the mean depth changes (m per 30 s) are also shown. The estimated dominant period (min), active time 
in the dominant period (min), dominant amplitude (m), and the number of cycles in the dominant period are based on spectral  

analysis. Dates are given as d.mo.yr
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dur in June 2005 and 2006 and October 2005 and 
2006 consisted mainly of euphausiids, northern 
shrimp, and demersal fish (Björnsson et al. 2011b). 
Both euphausiids and northern shrimp re main near 
the bottom during daylight hours and undertake ver-
tical migration during the night to feed on plankton 
(Bergström & Strömberg 1997, Berg ström 2000). Cod 
feed both during night and day (Løkkeborg 1998), 
but the night-time is thought to be the main foraging 
period (Espeland et al. 2010). 

In comparison, the herd cod, conditioned to feed 
on frozen forage fish kept in net bags at 10−20 m 
depth, showed on average only minor diel changes 
in depth, although they moved closer to the surface 
by about 10 m for 2 h on approximately half of the 
days when feed bags were deployed. The minimum 
and maximum depths during each feeding were 
constant but somewhat different between individual 

feedings, most likely because the feed 
bag was lifted according to the 
strength of the tidal current. The ob -
served undulating behaviour by the 
herd cod during the day may represent 
searches for an opening to approach 
the highly crowded feed bag. However, 
the high-frequency depth changes of 
the herd cod sometimes found during 
twilight and darkness may be due to 
searches for wild prey, indicating that 
the well-fed herd cod likely supple-
mented their diet of frozen capelin 
with some live prey. 

Herd fish C417 showed no feeding 
reaction on 31 July, possibly because it 
had not fully recovered from tagging, 
and no reaction on 23 October, probably 
because it had lost appetite. According 
to the signals from the acoustic tag, this 
fish remained in the herd until Novem-
ber. Previous studies indicate that herd 
cod lose appetite in autumn when they 
have developed large livers (Björnsson 
2011). Cod are lean fish that accumulate 
fat reserves in the liver, and this energy 
can later be used for various activities, 
such as gonad development and migra-
tion (Lambert & Dutil 1997). In the 
herds, the fish were amply fed with 
capelin, their preferred food, and thus 
grew fast and developed large livers 
(Björnsson 2019). 

4.2.  Internal waves 

It is imperative to ensure that the observed CDCs 
of the fish were due to active swimming and not due 
to wave action. Sea surface waves can be ruled out as 
they have heights which are usually only a small 
fraction of the 3−10 m heights commonly found in the 
DST records. Orbital motions from surface gravity 
waves decay rapidly with depth (Pond & Pickard 
1983) and will be near zero at the depths where the 
herd and wild cod were generally swimming, i.e. 
15−35 and 60−90 m, respectively. 

Internal waves have larger heights and longer 
periods than surface waves, but no attempts were 
made to measure internal waves during the study. 
However, internal waves can only form when the 
water column is stratified with a layer of low-
density water above a layer of high-density water, 
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but strong winds or tidal currents are required to 
initiate these waves. Many density profiles have 
been recorded in Arnarfjördur at different times of 
the year (Macrander et al. 2021), and from them the 
nature of potential internal waves can be estimated. 

Usually there is little or no stratification in this fjord 
from late autumn to early spring (November−April) 
and thus internal waves are not possible during that 
time. During summer and fall (May−October), how-
ever, the fjord becomes increasingly stratified be -
cause of seasonal warming of the upper layer, and 
the available density profiles confirm a pycnocline 
forming at 60 m depth. Based on the buoyancy fre-
quency (Brunt-Väisälä frequency), the minimum 
period of internal waves would be 4, 6, 7, and 
15 min in August, September, October, and Novem-
ber, respectively (Pond & Pickard 1983, Macrander 
et al. 2021), much longer than the most common 
periods of CDCs. 

Exploratory analysis of the data showed that for 
each of the 4 wild cod and 4 herd cod, there was 
never a positive correlation between (1) active time 
(min h−1) vs. mean hourly tidal current and (2) domi-
nant amplitude during active time vs. mean hourly 
tidal current, as would be expected if internal waves 
were involved. Thus, internal waves can be ruled out 
as the explanation for the observed high-frequency 
depth changes of cod in the study. 
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                ——— Wild cod ———     ———   Herd cod ——— 
Minutes   Night     Dawn    Day     Night    Dawn     Day 
                            and dusk                        and dusk        
 
0                35.1        19.3      50.8      66.9       65.0       51.8  
5                13.0        11.5      12.4      11.1       13.0       13.1  
10              10.7        14.6       9.0        8.6         6.0         8.9  
15               7.6         12.0       6.9        3.4         4.0         5.6  
20               8.3         10.9       5.3        2.9         5.0         4.1  
25               6.2          6.3        4.1        2.5         1.5         3.2  
30               4.8          5.2        3.2        1.4         2.5         3.2  
35               2.5          3.1        1.6        1.3         0.0         2.9  
40               3.7          3.6        1.6        0.9         1.0         1.6  
45               2.1          3.6        1.5        0.6         1.5         1.1  
50               2.5          1.6        0.9        0.2         0.5         1.9  
55               1.9          4.7        1.2        0.2         0.0         1.6  
60               1.7          3.6        1.4        0.0         0.0         1.2  

Total N      484         192      1244      864        200        856  
≥30 min    19.0        25.5      11.5       4.6         5.5        13.4

Table 6. Percent of hours with various length of active time 
at night, dawn and dusk, and day according to spectral 
analysis of 4 wild cod and 4 herd cod during 20 consecutive 
Mondays. For each hour, activity was calculated for every 
5 min interval which was defined as active if the amplitude 
was ≥1.0 m. The total number of hours in each group was 
1920 (= 20 × 24 × 4). Active time was binned in 5 min  

intervals

                 ——— Wild cod ———     ———   Herd cod ——— 
Ampli-      Night     Dawn    Day     Night    Dawn     Day 
tude (m)               and dusk                        and dusk        
 
1.0−1.19     55.1        61.3      67.6      59.1       60.0       44.6 
1.2−1.39     25.8        25.2      19.6      25.9       20.0       27.6 
1.4−1.59     12.7         7.7        7.8        9.4        15.7       15.7 
1.6−1.79      2.9          2.6        3.1        4.2         2.9         7.0 
1.8−1.99      1.3          2.6        1.1        0.7         0.0         0.7 
2.0−2.19      1.0          0.6        0.5        0.3         1.4         2.2 
2.2−2.39      0.3          0.0        0.0        0.0         0.0         1.2 
2.4−2.59      0.6          0.0        0.2        0.0         0.0         0.7 
2.6−2.79      0.0          0.0        0.0        0.3         0.0         0.0 
2.8−2.99      0.3          0.0        0.0        0.0         0.0         0.2 
3.0−3.19      0.0          0.0        0.0        0.0         0.0         0.0 
Active        314         155       612       286         70         413 
hours 
Total          484         192      1244      864        200        856 
hours 
Active        64.9        80.7      49.2      33.1       35.0       48.2 
hours (%) 
Active         6.4          5.8        4.9        5.6         4.3        12.1 
hours ≥1.6 m 
Mean         1.25        1.20      1.18      1.22       1.23       1.30  

Table 7. Percent of dominant amplitudes during active hours 
in 4 wild and 4 herd cod on 20 consecutive Mondays based 
on spectral analysis. Dominant amplitudes were defined as 
mean amplitudes during active time (minutes in each hour 
when amplitude ≥1.0 m), and active hours are defined as 
those with undulations with mean amplitudes ≥1.0 m for at 
least 5 min. Also shown are percent of active hours with 
amplitudes ≥1.6 m and mean amplitude of all active hours 

N                                        Occurrence of active hours 
                                          Wild cod                Herd cod 
 
1                                              79                           48 
2                                              20                           11 
3                                              16                            9 
4                                              10                            4 
5                                               3                             4 
6                                               2                             1 
7                                               3                             2 
8                                               1                             0 
9                                               1                             0 
10                                             0                             0 
11                                             0                             0 
12                                             1                             1 
Days of inactivity           22 (27.5%)             32 (40.0%) 

Table 5. Total occurrence of single and multiple active hours 
(N) based on spectral analysis for 2 data sets (4 wild cod and 
4 herd cod) on 20 consecutive Mondays. Active hours are 
defined as those with active time ≥30 min h−1, and active 
time is defined as each 5 min interval with an amplitude of 
≥1.0 m. Days of inactivity are those with no active hours 
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4.3.  CDCs 

Vertically undulating swimming behaviour has 
been reported for both freshwater and marine 
fishes. In a reservoir 170 km south of Prague, indi-
vidual targets of pelagic fish were monitored with 
an echo sounder fixed on the bottom and sending 
signals to wards the surface. During daytime in 
summer, the majority of the larger individual fish 
(14−36 cm) displayed sinusoidal swimming patterns 
in the epilimnion close to the surface (Cech & 
Kubecka 2002). The cycles, usually with a fre-
quency of 3−4 min−1 and a height of 2 m, were 
repeated several times while the fish moved across 
the ultrasonic beam. Most likely these fish were 
common bream Abramis brama and roach Rutilus 
rutilus searching visually for large zooplankton, 
whose density was thought to be low and patchy 
(Jarolim et al. 2010). 

Vertically undulating swimming behaviour has 
been recorded with DSTs for tunas, large marine fish 
known for their fast swimming, e.g. 44−75 cm yel-
lowfin tuna Thunnus albacares with 2−5 undulations 
per hour, each 30−100 m high; 57−75 cm bigeye tuna 
T. obesus with 1−15 undulations per hour, each 
40−200 m high (Holland et al. 1990); and immature 
Pacific bluefin tuna T. orientalis with several undula-
tions per hour, each 20−80 m high (Furukawa et al. 
2014). The average diving frequency of 180−220 cm 
Atlantic bluefin tuna T. thynnus was about 1 per 
hour, and the mean diving depth was significantly 
correlated with the depth of the thermocline, varying 
seasonally from 20 to 150 m (Walli et al. 2009). The 
density gradient at the thermocline (pycnocline) pro-
vides physical means to aggregate food for prey spe-
cies (Gray & Kingsford 2003, Furukawa et al. 2014). 
By intermittently diving through the thermocline, the 
tuna were thought to maximize the probability of 
encountering prey. 

However, the vertical undulations by adult cod 
were usually of much lower heights (2−4 m) and 
higher frequency (15−60 cycles h−1) than that found 
for tuna. In Arnarfjördur, there is a well established 
thermocline in summer and early autumn at a depth 
of 40−60 m (Björnsson 2019, Macrander et al. 2021), 
but the present study did not indicate that cod re -
peatedly dove through the thermocline, as the wild 
cod remained below it and the herd cod above it. On 
the other hand, the vertical undulations by adult cod 
(70 cm) were substantially larger than those dis-
played by the relatively small freshwater species 
(23 cm) in a reservoir in the Czech Republic (Cech & 
Kubecka 2002). 

The heights of the CDCs recorded with DSTs were 
usually of smaller magnitude (2−4 m) than the 
10−20 m observed with an echo sounder for several 
cod following a feeding boat in an Icelandic fjord 
(Björnsson & Reynisson 2013). The sharp spikes on 
many of the depth records during high-frequency 
depth changes indicate that the measuring fre-
quency of 30 s was insufficient to measure the 
heights accurately. Thus, in our study, the actual 
heights of the sinusoidal trajectories may have been 
underestimated to some degree. Usually, the period 
of each cycle was 1−4 min, similar to the 2−3 min 
found by Björnsson & Reynisson (2013). In that study, 
the boat was drifting slowly (0.35 m s−1), and as the 
fish were keeping up with the boat, it was possible to 
estimate the horizontal speed of the fish and depth of 
individual fish every 3 s. The trajectories were rela-
tively smooth and sinusoidal with a length of about 
50 m. However, in the present study using DSTs, it 
was not possible to measure the horizontal speed of 
the fish and thus the length of the undulations. Com-
monly, the DST-tagged cod showed large CDCs for a 
few hours during the 24 h period, but for the rest of 
the time the depth changes every 30 s were small. 
The CDCs occurred at different times of the 24 h 
period, although more often during night-time and 
dawn and dusk for wild cod and during daytime for 
herd cod. 

The high-frequency depth changes of cod imply 
simultaneous forward propulsion, since there is a 
limit to the tilt angle of the fish during ascent or 
descent. The maximum tilt angle during vertically 
undulating swimming of cod, as observed by 
Björnsson & Reynisson (2013), was 50−60°. Assum-
ing this high tilt angle, a depth change of 1.0 m 
during a 30 s interval corresponds to 0.58−0.84 m 
horizontal movement. However, on average, the tilt 
angles may have been much lower and thus the 
horizontal movements much greater (McQuinn & 
Winger 2003). Heffernan et al. (2004) used depth 
changes in DST-tagged cod in the northern North 
Sea to calculate tilt angles assuming realistic swim-
ming speeds of 0.3, 0.5, 0.7, and 0.9 body lengths 
s−1. Their estimate was that tilt angles above 15° 
were relatively rare. Assuming an average tilt 
angle of 30° during the ascending and descending 
phase of the cycle, as found for freshwater fish dis-
playing sinusoidal swimming (Cech & Kubecka 
2002), would give horizontal movement of 1.73 m 
for a cycle with a height of 1.0 m. Thus, the cycle 
heights of 2−4 m, commonly found for adult cod in 
Arnarfjördur, would correspond to cycle lengths of 
3.5−6.9 m. It seems unlikely that the swim bladder 
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plays a big role in the high-frequency undulating 
swimming because of the relatively slow process 
involved in adding gas to the swim bladder of cod 
(Korsøen et al. 2010). 

The present study indicates that spectral analysis 
using STFT is a useful tool in analysing high-fre-
quency depth changes in cod. Previously, spectral 
analysis has been used to study depth measurements 
in pelagic shark Cetorhinus maximus (Shepard et al. 
2006), Pacific halibut Hippoglossus stenolepis (Scott 
et al. 2016), and European seabass Dicentrarchus 
labrax (Heerah et al. 2017). In these studies, depth 
was recorded every 0.5 to 2.0 min and STFT was 
used in the analysis. However, the focus in their 
analyses was on relatively long-term cyclical 
changes with a period of several hours, e.g. to detect 
tidal rhythms and diurnal behaviour, but no attempts 
were made to detect high-frequency CDCs. For 
example, Heerah et al. (2017) applied 7 d Hamming 
windows shifting by 1 d increments, and Scott et al. 
(2016) applied 10 d Hamming windows, sliding the 
10 d sample in 60 min increments through the tag 
data. These wide windows do not allow fine-scale 
cyclical changes to be studied. However, in the pres-
ent study, a much narrower Hamming window (4 
times the period of 1−4 min) shifting by 30 s was 
selected for studying the high-frequency depth 
changes. 

It seems likely that the observed CDCs of wild cod 
are caused by vertically undulating swimming dur-
ing food searches, most likely for either demersal 
fish, euphausiids, or northern shrimp, which were 
the main prey items of cod in Arnarfjördur during the 
study (Björnsson et al. 2011b). According to optimal 
foraging theory, animals adopt behaviour that maxi-
mizes the net energy gain from foraging, behaviour 
which is shaped by natural selection. There are 2 
possible reasons why it may be optimal for cod to 
search in an undulating way: (1) it may facilitate find-
ing suitable prey, which at a given time may be 
located most often at a given depth (Sims et al. 2003, 
Ressler et al. 2005, Olafsdottir & Rose 2012); (2) it 
may facilitate the capture of a suitable prey by 
approaching it at different angles (McHenry et al. 
2019). 

Cod select food patches according to food density 
and hunting success (van Duren & Glass 1992), and 
the CDCs allow cod to pass repeatedly through 
patches of prey found at a certain depth. The 
results also indicate that, if cod do not find food for 
some time with CDCs, it may be worth taking the 
odd deep dive or high ascent to explore the entire 
water column. As this undulating feeding behaviour 

of wild cod occurs both during day and night, it 
seems unlikely that cod rely only on visual detec-
tion of prey and possibly use tactile senses to 
detect immobile prey and the lateral line system to 
detect vortices produced by rapidly moving prey 
(Bond 1979). 

The present results suggest that DSTs are a useful 
tool in studying high-frequency depth changes 
adopted by fish searching for prey. In future studies, 
the tags should be programmed to measure at a 
much higher frequency than was done in the present 
study. Currently, there are commercially available 
DSTs with memory for as many as 525 068 depth 
measurements (www.star-oddi.com), which would 
be sufficient to record 6 full 24 h periods with a meas-
uring frequency of 1 s. The tags should be pro-
grammed to start measuring after a sufficiently long 
adaptation period following the surgery required to 
implant the tags. Implants are preferred because 
tags attached externally may adversely affect fish 
behaviour (Broell et al. 2016). To avoid premature 
recapture of the tagged fish, closure of the relevant 
fishing grounds should be arranged to make best use 
of the valuable tags. 

The greatest advantage of using DSTs to study 
depth changes in marine fish is that the measure-
ments can be carried out without disturbing the nat-
ural behaviour of the fish, unlike when underwater 
filming is carried out with the presence of a noisy 
boat, cameras, and artificial lights. It is also advanta-
geous that DSTs can collect information on the same 
fish for an extended period, unlike when echo -
sounders are used. Using DSTs, there are no uncer-
tainties about the species of fish and their sizes, con-
trasting with the use of echosounders for this 
purpose. In future studies of the foraging behaviour 
of cod, it would be of great interest to record the 
search pattern of cod feeding on capelin, their most 
important prey. The study area and season must be 
carefully selected to represent predation on both 
immature capelin during summer and autumn and 
mature capelin during the spawning migration in 
winter and spring. 
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