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1 Supplementary Data 

1.1 DST data and geolocation of tagged cod 

In CODYSSEY, DST-CTD that record conductivity (resolution = 0.02 psu), temperature (resolution = 
0.032.C) and pressure (Pi, resolution = 0.03 bar, which was converted to depth (m)) were used. In 
TABACOD, micro-TD and milli-TD DSTs recording temperature and pressure were used. All tags 
used were from Star-Oddi. Tags were programmed to record ambient conditions at least every hour, 
depending on tag size, with intermittent 3-day periods where recording frequency was increased to 
every 15 seconds (see Table S1 for details). To correlate DST data with the otolith chemical 
measurements (that have far lower temporal resolution), salinity, temperature and depth records were 
averaged by day for each fish. 

Owing to the spatial differences in hydrographic regimes between the two areas in the Baltic Sea used 
by the eastern stock (SD 24: shallow, higher salinity and larger seasonal temperature amplitude; SD 
25: deep basins, low salinity and lower seasonal temperature amplitude), the geographic position of 
each fish from the TABACOD project were estimated using the geolocation tool using hidden Markov 
models (“HMMoce”) that produces movement trajectories of individual cod by comparing the 
temperature and depth profiles of recaptured DSTs with environmental information obtained from a 
regional ocean model (Haase, 2021; Haase et al., 2021). For the CODYSSEY project, a particle filter 
approach that produces similar movement trajectories was used to geolocate 19 fish (Andersen et al., 
2007; Neuenfeldt et al., 2007). For the remaining CODYSSEY DSTs, the combination of depth, 
salinity and temperature in relation to calendar date was used to assign each record to SD 24 or 25, 
using the available geolocation tracks from the TABACOD and CODYSSEY datasets as a baseline for 
reference. In this study, only information on SD occupied by the fish was used. 

1.2 Otolith accretion 

Eastern Baltic cod do not form clearly defined seasonal otolith growth zones, preventing a direct 
validation of seasonal otolith accretion (Hüssy, 2010; Hüssy et al., 2016). To test whether the otolith 
accretion was indeed constant or subject to seasonal variation, we fitted a generalized linear model 
(GLM) to otolith accretion distance (Goto), with days at liberty (DAL) and fish total size (TL) as 
explanatory variables: 

𝐺𝐺𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖 = 𝑎𝑎 + 𝑏𝑏 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 + 𝑐𝑐 𝑇𝑇𝑇𝑇𝑖𝑖 + 𝜀𝜀𝑖𝑖  , where ε = N(0,σ2)  (1) 

The intercept a was set to 0, since new otolith material only started forming from the chemical mark 
(day 0) of each individual (i). To account for among-year and among-season patterns in otolith growth 
rates relating to when the fish were at liberty, model (1) was fitted four times: to each tagging program 
subdivided into two groups based on their release months (winter/spring: November to April; 
summer/fall: May to October). Significant variables were selected using elimination of variables by 
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AIC in a stepwise algorithm using the “step” function of the “stats” package (Hastie and Pregibon, 
2017) in R (R Core Team, 2020). Finally, residuals from the four model (1) iterations were plotted 
against recapture months to assess potential seasonality in growth. Otolith accretion (Goto) from the 
chemical mark to the otolith edge was linearly correlated with DAL only, without any seasonal patterns 
in model residuals (Supplementary Figure S1). Thus – while we recognise that individual deviations 
from this could result in some decoupling of ‘otolith time’ with ‘calendar time’ and some noise in 
relationships between sub-annual measurements - otolith accretion during the tagging period was 
assumed to be constant within fish throughout the year. Seasonal variation in somatic growth estimated 
from TL at release and recapture in the TABACOD samples was also negligible (Mion et al. 2020), 
supporting the assumption of constant growth throughout the year.  

  

 
Supplementary Figure S1 Left panel: Otolith accretion (Goto) in relation to days at liberty (DAL). 
Right panel: Residual otolith accretion from model (1): 𝐺𝐺𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖 = 𝑎𝑎 + 𝑏𝑏 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 + 𝑐𝑐 𝑇𝑇𝑇𝑇𝑖𝑖 + 𝜀𝜀𝑖𝑖, in relation 
to recapture month, where the samples were separated by release month (where winter/spring = 
November to April, summer/fall = May to October). Data are represented for the two tagging programs 
separately, where CODYSSEY (blue) and TABACOD (pink). No clear seasonal pattern is evident in 
the residual otolith accretion. 
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2 Supplementary Figures and Tables 

2.1 Supplementary Figures 

  
Supplementary Figure S2 Distributions of days at liberty (DAL) (left panel) and fish length at 
recapture (mm) (right panel) by tagging program, where CODYSSEY (blue) and TABACOD (pink).   
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Supplementary Figure S3 Raw element concentrations (ppm) in relation to the day of the year that 
they were incorporated into the otolith (all individual measurements of all fish combined), including 
loess-smoothed means and confidence interval bands, and represented for the two tagging projects 
separately, CODYSSEY (blue) and TABACOD (pink). Shaded bars indicate the duration of the 
spawning season, where the season of individual fish are superimposed on each other. The darker the 
colour, the more individuals are in the spawning area.  



  Supplementary Material 

6 
 

 

 

Supplementary Figure S4a Element concentrations (ppm) in relation to mean depth (m) occupied by 
the fish (all individual measurements of all fish combined), including loess-smoothed means and 
confidence interval bands, and represented for the two tagging projects separately, CODYSSEY (blue) 
and TABACOD (pink). 
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Supplementary Figure S4b Element concentrations (ppm) in relation to mean temperature (oC.) 
occupied by the fish (all individual measurements of all fish combined), including loess-smoothed 
means and confidence interval bands, and represented for the two tagging projects separately, 
CODYSSEY (blue) and TABACOD (pink). 
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Supplementary Figure S4c Element concentrations (ppm) in relation to mean salinity (psu) occupied 
by the fish (all individual measurements of all fish combined), including loess-smoothed means and 
confidence interval bands. Salinity measurements were only available from the DST tags used in the 
CODYSSEY program. 
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Supplementary Figure S4d Element concentrations (ppm) in relation to fish length at recapture (cm) 
(all individual element measurements in relation to a single measurement of fish length), including a 
linear regression line and confidence interval bands. Salinity measurements were only available from 
the DST tags used in the CODYSSEY program. 
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2.2 Supplementary Tables 

Supplementary Table S1. Overview of tagging protocols for the CODYSSEY and TABACOD 
programs 
 
 CODYSSEY TABACOD 

Years 2003-2006 2016-2019 

Release area SD 25 SD 24 and 25 

Capture method Long line Trawl hauls (15 min.) 

Numbers* 146 32 

Size (mm) 554 (range 445 – 981) 412 (range 306 – 512) 

Fulton’s K** 0.71 (range 0.52 – 1.11) 0.74 (range 0.43 – 1.03) 

Anaesthetic MS-222 (dosage 1:20 000) MS-222 (dosage 1:20 000) 

External fish marking Externally fixed DST with 
individual nr 

Two orangeT-bar tags with individual nr 

DST type DST-CTD from Star-Oddi 
(salinity, temperature, depth) 

micro-TD and milli-TD from Star-Oddi 
(temperature, depth) 

DST location Externally below dorsal fin Internally in abdominal cavity 

DST recording 
frequency 

4-5 recordings h-1 micro-TD: 1 recording h-1 
milli-TD: 1 recording min-1 

Otolith marking Strontium chloride,10 ppt, 2 ml 
kg-1 fish 

Tetracycline hydrochloride, 10 mg ml-1, 
1 ml kg-1 fish 

*   Numbers used in this study, where recaptures with DAL < 30 days were excluded 
** Fulton’s K based on gutted weight 
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Supplementary Table S2 LA- ICP-MS analytical setup at the Geological Survey of Denmark and 
Greenland. 
 
Laser ablation system  
Instrumentation NWR 213 from Elemental Scientific Lasers 
Ablation cell type Standard Vol. 2 cell 
Laser wavelength  213 nm 
Pulse width ~4 ns 
Fluence 8-9 J/cm2 
Repetition rate 10 Hz 
Scan speed 5 µm/s 
Spot size 40 µm circular 
Background collection 30 seconds (and 30 s washout after analysis) 
Single analysis duration 2-20 minutes per otolith (line scan) 
Cell carrier gas flow ~850-920 ml/min He 
ICP-MS Instrument  
Instrumentation Thermo-Fisher Scientific Element2 Magnetic Sector Field HRICP-MS  
Mass resolution 300 (low) 
Cones Ni 
Forward power (RF) 1450 W 
Plasma gas flow 16 L/min Ar 
Auxiliary gas flow 0.90 L/min Ar 
Oxide production rate Tuned to ≤ 0.3% UO2 (238U16O2/238U) 
Masses measured 25Mg, 31P, 43Ca, 44Ca, 55Mn, 63Cu, 64Zn, 85Rb, 88Sr, 137Ba 
Dwell time (ms) 10 ms 

Samples per peak 10 

Data Processing  

Software Iolite v. 2.5 using the Trace_Elements_IS DRS (Paton et al. 2011; 
Hellstrom et al. (2008) 

Primary standard NIST-610 glass (preferred values from Jochum et al. 2011) 
Secondary standard(s) NIST612 (glass tablet; preferred values from Jochum et al. 2011), NIST-

614 (glass tablet; preferred values from Jochum et al. 2011), FEBS-1 
otolith (Lutjanus campechanus; NRCC data) and BHVO-2 (basalt 
powder; preferred values from Jochum et al. 2016)  

Internal standard isotope 43Ca (Ca concentration set to 38.3 wt% for all otoliths) 
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