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Abstract

Understanding migration patterns and habitat use is of great importance for man-
agement and conservation of marine living resources. The chemical composition of
otoliths is influenced by the surrounding environment; therefore, they are indispensable
data archives. To extract migration patterns and historical habitat use of individual fish,
we analyse otolith chemical compositions obtained by laser ablation inductively coupled
plasma mass spectrometry by a regime-switching state-space model. The state-space
model filters the measurement noise from the environmental signal. In turn, the filtered
signal is converted to geographical positions through a calibration of strontium to
salinity. The method is validated by a simulation study and applied to 404 Atlantic
cod otoliths.
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1 Introduction
Understanding life history, habitat use and migration patterns is vital for management and
conservation of marine resources. Knowledge of migration patterns are needed to evaluate
the potential effects of marine protected areas and fisheries closures. Further, fish migrating
between, or stocks mixing in, management areas provide a challenge for accurately assessing
stock status. For many stocks, otoliths (ear-stones) are regularly collected for ageing or
for stock separation. In these cases, otoliths also provide an indispensable data archive for
analysis of life history and space use.

Otoliths are part of the hearing and balance system in fishes. They grow through daily
accretion of calcium carbonate, trace elements and protein, forming both daily and seasonal
growth rings, much like the year rings in trees. These properties have made otoliths an
invaluable tool for fisheries scientists and form the basis for applications ranging from research
into processes affecting individual fish to population ecology and stock assessment. Since
the discovery that concentrations of trace elements incorporated into the fish’s otolith may
reflect concentrations in the ambient water (Edmonds et al., 1989; Kalish, 1989), the analysis
of otolith chemical compositions has gained interest for studies of stock structure, habitat
connectivity and migration patterns (see reviews in Campana et al., 1999; Sturrock et al.,
2012).

The most prominent example of an element’s applicability for reconstruction of migration
patterns is strontium (Sr), which since the mid 1990s has been considered a useful proxy for
environmental salinity, thereby providing a reliable tool for tracking (Limburg, 1995; Secor
et al., 1995). Sr concentration is fairly constant across marine habitats worldwide (Walther
and Limburg, 2012), and therefore intrusion from freshwater dilutes not only salinity but also
the Sr concentration (Kraus and Secor, 2004). Even though the relationship between Sr and
salinity is considered relatively constant in marine habitats, concentration of Sr in freshwater
may vary, and even exceed those in marine waters, thereby influencing that relationship
(Kraus and Secor, 2004). Careful evaluation of the underlying relationship between salinity
and otolith Sr concentration is therefore necessary for reliable reconstruction of migration
patterns.

To date, most studies have focused on documenting spatial and/or temporal differences in
elemental compositions between groups of fish and examining which biological and environ-
mental variables affect variability in incorporation rates (Sturrock et al., 2012, and references
therein). Between-group differences are often studied by statistical comparison of elemental
compositions within specific time periods in the fish’s life. This is achieved by collecting data
within pre-defined growth zones, typically the nucleus and the edge representing environmen-
tal conditions at hatch and capture (Gibb et al., 2017; Kennedy et al., 2002; Stanley et al.,
2015). Alternatively, data can be divided chronologically from nucleus to edge into strata of
known duration, predominantly years, in the fish’s life (Albuquerque et al., 2012; Altenritter
et al., 2018; Hughes et al., 2016; Jessop et al., 2002; Secor and Piccoli, 1996). The division
of data is followed by comparisons of mean elemental concentrations between time periods
and groups by, for instance, univariate, multivariate statistics and discriminant analyses (e.g.,
Hughes et al., 2016; Secor and Piccoli, 1996), logistic functions (e.g., Albuquerque et al.,
2012), boosted regression trees (e.g., Cappo et al., 2005) or random forests (e.g., Loewen
et al., 2015; Mercier et al., 2012).
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Reconstruction of individual fish’s migrations makes use of all measurements along the
chronological data profile from hatch to death by classifying each data point into a specific
habitat. Approaches reported are often based on classifications’ threshold values or sequential
analysis of data along the profile. The threshold-based classification uses visual determination
of threshold values (Elsdon and Gillanders, 2005a; Jessop et al., 2002, 2008), followed by
qualitative evaluation of profiles by comparing edge values representing known capture
locations with values earlier in life (Hamer et al., 2006). Threshold values may also be
estimated from field measured, habitat-specific elemental otolith concentrations (Seeley and
Walther, 2018) or from laboratory experiments (Altenritter et al., 2018). Quantitative
analyses of chemical measurements along the chronological profiles include algorithms for
regime-shift using sequential t-tests (e.g., Seeley et al., 2017), global zoning (e.g., Hedger
et al., 2008; Morissette et al., 2016), mixed effects models (e.g., Grammer et al., 2017; Roberts
et al., 2019), individual-based simulation models (Sakamoto et al., 2018), and random forests
(e.g., Mercier et al., 2012). Further, Fablet et al. (2007) used a hidden Markov model to infer
habitat type preference based on Sr:Ca ratios. The model consisted of two layers: a discrete,
unobserved Markov model describing the current habitat type, and a model for observed
Sr:Ca ratios which were assumed to be independent given the habitat type and covariates.

In this paper, we introduce a method to infer habitat use patterns throughout the fish’s
life history from otolith chemical compositions. A time series model is proposed to reconstruct
life history trace element concentrations, such as Sr, in the otolith from noisy chemical
compositions. The model consists of three layers. Similar to Fablet et al. (2007), a discret,
unobserved Markov model is used to describe the current habitat preference. However, to
account for measurement error in the model, we introduce a model layer describing the
true, unobserved element concentration in the otolith given the current habitat preference.
Further, this model layer introduces temporal correlation in the element concentrations
besides the habitat type to reflect that fish may move between habitats at time scales that
are longer than the time between measurements. Finally, the third model layer describes the
observed chemical composition given the true, unobserved concentration. Unlike Fablet et al.
(2007), we are not only interested in the current habitat type, but also geographical positions.
Therefore, geographical positions are inferred based on the Sr concentration at the otolith
edge and corresponding salinity at the catch position. A simulation study is conducted to
validate the method proposed. Finally, the method is illustrated using otoliths from the four
Atlantic cod (Gadus morhua L.) stocks around Denmark: North Sea, Kattegat, Western
Baltic, and Eastern Baltic cod. The method is not specific to Sr and can be applied to any
trace element, or combination of elements, that can be related to geographical positions in a
study region of interest.

2 Materials and Methods
Our method for inferring life history habitat use patterns from otolith chemical composition
consisted of four steps. First, the extracted otoliths were prepared and the chemical composi-
tion along a transect from the nucleus to the edge was obtained by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). Afterwards, the noisy mass spectrometry
data was analysed by a statistical time series model to obtain an estimated trajectory of, for
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instance, Sr concentration. Then, Sr concentrations at the otolith edges and salinity at the
capture positions were used to estimate the most likely salinity at a given Sr concentration
through a calibration curve. Finally, the estimated salinity from the otolith nucleus to the
edge could be compared to ocean salinity at the study site.

2.1 Data preparation
In the laboratory, otoliths were cleaned, embedded in epoxy and sectioned transversally. In
turn, Sr concentrations (i.e., Sr concentrations obtained with 44Ca as internal standard) in
parts per million (ppm) were measured by LA-ICP-MS at the LA-ICP-MS facility at the
Geological Survey of Denmark and Greenland (GEUS) along a transect from the nucleus
to the dorsal edge of the otolith following the axis of maximum growth. In the following,
the estimated otolith Sr concentrations will be referred to as Sr concentration. Details of
the analytical setup and data standardization may be found in Serre et al. (2018) (see also
Table S6 and Figure S5). Measurements in the beginning and end of the transect with low
44Ca counts (less than 9 · 106 counts per second) were excluded as they represented the Ca
concentrations of the epoxy mounts and background. Each data point corresponded to a
specific distance to the nucleus. The resulting data represented elemental signatures spanning
from hatch to (almost) death of each individual.

Cod otoliths were generally characterized by seasonally varying translucent and opaque
zones with concurrent high age estimation precision and well established ageing protocols
(Vitale et al., 2019). The width of successive opaque and translucent growth bands, repre-
senting annual growth patterns (Hüssy et al., 2016), were measured from nucleus to edge
along the laser line-scan using ImageJ (ver. 2 available at https://imagej.net) and counting
the number of growth bands provided an estimate of the fish’s age. LA-ICP-MS data were
thereafter assigned to their respective growth zones of the otolith (Figure 1). Otolith growth
zones before the end of the first winter ring were defined as juvenile stages: the larval and
demersal juvenile stage from the nucleus to the settling ring, the pelagic juvenile stage from
the settling ring to the beginning of the year zero winter ring, and the year zero winter ring.
Remaining growth zones were defined as the adult stage.

2.2 Modelling Sr concentration in the otolith
Since the data generating process inherently included measurement errors, the chemical
element profiles were analysed using a regime-switching state-space model. The model had
three layers: the first layer was an unobserved discrete valued process reflecting habitat
type preference (similar to the habitat types in Fablet et al., 2007), the second layer was
an unobserved real valued process reflecting the true chemical element concentration in the
otolith, while the last layer was a real valued process describing the difference between true
and observed Sr concentrations in the otolith.

When a fish stayed within a restricted geographical area, and the corresponding salinity
was constant, the resulting Sr concentration was assumed to revolve around a constant level.
However, throughout its life, a fish could be migrating between different locations, thereby
experiencing different salinities resulting in changes in Sr concentrations. The destination
areas of these migrations was referred to as “habitat type preference”. The habitat type
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Figure 1: Example of an otolith from a four-year-old Kattegat cod with the corresponding
Sr trajectory. In the graph, shaded areas indicate winter rings, dots indicate measured Sr
concentration, while the full black line and surrounding polygon indicate the reconstructed
Sr concentration and a 95% confidence interval, respectively. The otolith has been cut out
and rotated for illustration. The original image is available in the supplementary materials.
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preference reflected, for instance, spawning areas, feeding areas, and general preference. In
the study area considered here, four cod stocks, managed in four different areas, were known
to be present: North Sea, Kattegat, Western Baltic and Eastern Baltic. Therefore, four
habitat type preferences were included to reflect the four areas from the Baltic to the North
Sea; however, the method could be used with any number of habitat type preferences.

2.2.1 First model layer: unobserved habitat type preference

Similar to Fablet et al. (2007), the first layer of the model was described by a Markov process.
In the process, the probability of switching habitat type preference, Si, from observation
i − 1 to i was described by the generating matrix Q. In Q, non-diagonal elements had to
be positive, and diagonal elements were fixed to ensure that row sums were zero. From the
generating matrix, transition probabilities from observation i− 1 to i were calculated through
the matrix exponential function:

Pi = exp(Q∆i)
where ∆i was the distance between observation i− 1 and i. For this application, the distance
was in otolith length, however, calendar time could be used based on a growth model. The
probability of switching from habitat type preference k to habitat type preference j from
observation i− 1 to i was the kj element of Pi.

2.2.2 Second model layer: unobserved true chemical element concentration

Given the habitat type preference, the true unobserved log-Sr concentration, Xi, was assumed
to follow an Ornstein-Uhlenbeck process,

Xi = exp (−β∆i) (Xi−1 − µSi
) + εi,

where β > 0 was an autocorrelation parameter, and µSi
> 0 was a habitat type dependent

mean Sr concentration. Similar to Fablet et al. (2007), µSi
could be altered to include

covariates such as age, season, growth, ontogeny, sex, stress, temperature, feeding rations, or
reproductive status, if available, that may affect Sr concentration in the otolith. Further, εi
was a Gaussian random variable with mean zero and variance

Var(εi) = σ2

2β (1− exp (−2β∆i))

For this application, the parameters β and σ2 were assumed to be the same for all habitat type
preferences because they were assumed to depend on a generic process of Sr substituting for
Ca in the growing otolith and subsequently extracted by mass spectrometry. In applications
where this could not be assumed, separate values could be estimated for the habitat types.
Further, if relevant, such assumptions could be tested by likelihood ratio tests. Habitat type
preferences reflected Sr concentrations at which the data had plateaus. They corresponded
to hypothetical habitat positions; however, if data were not observed around a plateau, a
concentration would be estimated from the observed rate of attraction alone. In this case,
unusually high or low values might be estimated reflecting the hypothetical nature of the
habitat positions.
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2.2.3 Third model layer: difference between true and observed Sr concentra-
tions

In the final layer of the model, observed log-concentrations of Sr, Yi, were assumed to follow
a normal distribution where the mean was the true log-Sr concentration. That is,

Yi = Xi + νi

where νi was a Gaussian random variable with mean zero and variance τ 2.
Parameters were estimated by maximum likelihood using an approximate regime-switching

filter (Albertsen, 2018) implemented in R (version 3.6.1, R Core Team, 2019) with the package
TMB (Kristensen et al., 2016). Parameters were assumed to be equal for all individuals in
an otolith collection. Given the maximum likelihood estimates, the most likely habitat type
preference and true Sr concentration processes were reconstructed for each individual using
an approximate regime-switching smoother (Albertsen, 2018).

In one otolith collection, growth zone readings were available (see section ‘Case study’).
For these otoliths, parameters (Q, β, µS1 , . . . , µS4 , σ

2, τ 2) were assumed to differ between the
juvenile and the adult growth zones owing to ontogenetic differences in depth occupation
with associated environmental salinities, of these life stages. When growth zones were not
available, parameters were estimated as constant throughout the life of a fish. Note that in
the present model, such a hypothesis could be tested by, for instance, a likelihood ratio test.
For the otolith collection where growth zone readings were not available, the same parameters
were used throughout the life of the fish.

2.3 Modelling the Sr to salinity calibration curve
In order to relate the reconstructed Sr concentrations to salinities and, in turn, sea areas, Sr
concentrations at the otolith edges were compared to salinity at the capture positions. Salinity
at the capture positions were extracted from Copernicus Marine Environment Monitoring
Service Global Ocean 1/12◦ Physics Analysis and Forecast (Global Monitoring and Forecasting
Center, 2019b, Figure S4,). For simplicity, the bottom salinity at each position averaged
over the period January 17 2016 to December 17 2017 was used. Combining both otolith
collections, log-salinity and log-Sr were fitted by a multivariate normal distribution, since both
are model outputs. Log-salinity (logS) was assumed to have marginal mean µ while logSr
was assumed to have marginal mean α+ ρσSr

σS
µ where ρ was a correlation parameter, σSr and

σS were the marginal variances of Sr and salinity, respectively, on log scale. Consequently,
for a know salinity, the mean logSr concentration was linear in logS:

E(logSr | logS) = α + ρ
σSr
σS

logS

Likewise, for a known Sr concentration, the expected salinity was

E(logS | logSr) = µ+ ρ
σS
σSr

(
logSr −

(
α + ρ

σSr
σS

µ
))
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To help estimation of the marginal distribution of salinity, every observation of salinity
(i.e. from Figure S4) was included. The value of µ was fixed to log(15) corresponding to
the salinity between Kattegat and the western Baltic Sea. Further, only adult samples
were included in the calibration curve estimation. Since the model for Sr concentrations
assumed an ontogenetic difference in Sr concentrations between juveniles and adults, use
of the calibration curve on juveniles must be interpreted with caution. Using the resulting
conditional distribution of salinity given Sr, full Sr trajectories were converted to salinity. To
propagate uncertainties in the estimates, confidence intervals were based on simulations from
normal approximations of the estimators. Based on these samples, the density of salinity
values was calculated and illustrated geographically through the known ocean salinity (Figure
S4). For simplicity, only salinity and Sr were considered. Thereby, salinity was assumed to
be adequate to describe the Sr concentration. However, if enough samples were available
calibration curves could be fitted to account for other factors such as age, season, growth,
ontogeny, sex, stress, temperature, feeding rations, or reproductive status. These factors
could either be included directly in the log-log linear model, or separate calibration curves
could be fitted for each covariate value (e.g., a calibration curve per sex).

Since salinity was only converted to position visually, we could not distinguish between
areas with the same salinity. The Eastern Baltic Sea had two areas with high bottom salinity;
however, these areas were hypoxic. For simplicity, these areas were not considered in the
analysis.

2.4 Simulation study
Before turning to the case study, we presented a simulation study to validate the method.
The simulation study was intended to show that if the model assumptions were reasonable
then the results from the method were reliable.

The simulation study validated the full method in a realistic scenario and included the
ability to link reconstructed Sr concentrations to salinity. That is, the data was generated
from a more complex model than the estimation model. First, individual fish movement
was simulated. Based on the position of the fish, salinity and a corresponding true Sr
concentration were obtained and observed Sr was simulated. Finally, the methods proposed
above were applied to the simulated data and the results were compared to the true values:
estimated parameter values were compared to the parameter values used for simulation,
reconstructed habitat type preferences were compared to simulated habitat type preferences,
reconstructed Sr concentrations were compared to the true simulated Sr concentrations
without measurement error, and reconstructed salinities were compared to the simulated
salinities. Further, a simulation study only validating the method for reconstructing Sr
concentrations in the otolith from noisy data was included in the supplementary material.

To fully evaluate the proposed method, a Markov chain of habitat type preferences was
simulated. The habitat type preferences corresponded to attraction towards the points:
(14.7◦E, 54.3◦N), (12.79◦E, 55.55◦N), (11.10◦E, 56.80◦N), and (9.97◦E, 57.98◦N). Given the
habitat preferences, geographical positions were simulated along a trajectory connecting the
four attraction points successively and extended on both sides (see supplementary Figure
S3) . On logit-scale, the position on the trajectory was simulated by a discretized Ornstein-
Uhlenbeck process where the mean parameter was determined by the attraction point of the
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current habitat type preference and, in turn, converted to a geographical position.
For each simulated geographical position, a corresponding salinity was obtained. After-

wards, salinity measurements were transformed to true simulated log-Sr concentrations by
the relation

logSr = 6.33 + 0.4 logS.
Finally, log-Sr observations were simulated from a normal distribution with variance 0.052

and the true log-Sr concentration as mean. The variance used corresponds to the estimated
variance for the second otolith collection in the case study.

In total, 200 otolith collections containing 20 individuals each were simulated. Following
the method introduced above, parameters were estimated and Sr concentrations reconstructed
for each data set. Afterwards, the Sr-salinity relation was estimated and Sr concentrations
were converted to salinity. Finally, parameter estimates were compared to the true values.

2.5 Case study
A good case study for illustrating this approach was the Atlantic cod in the area of the
Baltic Sea-Kattegat-North Sea. The geographical area had a pronounced environmental
salinity gradient, from brackish water in the Baltic Sea to high salinity in the North Sea, and
the Atlantic cod was known to undertake migrations between the different salinity regimes
contained within the area. Further, the otolith growth zones of Atlantic cod were generally
easy to analyze (Vitale et al., 2019). This case study consists of data from two otolith
collections.

In the first otolith collection, Atlantic cod were selected from the samples collected during
the international Kattegat Survey (KASU) and Sole Survey in December 2016 stratified
by area and size to ensure adequate sample sizes from the northern and southern Kattegat
within the size ranges < 25cm, 45 – 55 cm, > 60cm. Further, samples from the International
Bottom Trawl Survey (IBTS) and from monitoring of commercial fisheries were included
to extend the geographical range of the samples. From each fish, otoliths were extracted,
cleaned of adhering tissue and stored in individually labeled paper bags.

The primary data consisted of Sr trajectories from 342 otoliths. Of these, 139 fish were
genetically from the Kattegat stock while 162 were from the North Sea stock (see Nielsen
et al. (2012) and Hemmer-Hansen et al. (2019) for a general description of concept and
methodology and Hemmer-Hansen et al. (2020) for a specific implementation to Kattegat and
North Sea). For the 41 IBTS and commercial samples, genetic information was not available.
Fish ages ranged from zero to eight years.

Otolith microchemical data was prone to have outliers. For simplicity, log-observations
more than four times the inter quantile range from the median were removed. This procedure
removed 17 813 observations corresponding to 1.5% of all measurements.

Capture locations from the surveys represented a narrow range of ocean salinity. Therefore,
the case study was supplemented by a second otolith collection which was a subset of the
data analyzed in Heidemann et al. (2012). This collection had Sr trajectories from 68 otoliths:
16 from the North Sea stock, 37 from the Eastern Baltic stock, and 15 from the Western
Baltic stock. Fish ages ranged from 2 to 6 years. In the second otolith collection, 19 765
observations were removed as outliers corresponding to 4.4%.
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For each collection, otoliths were used in combination to obtain maximum likelihood
estimates of model parameters. Combining all otoliths in a collection assumed model
parameters were shared between individuals; thereby assuming that all parameters reflected
population structures rather than individual effects. For the maximum likelihood estimates,
Sr concentrations and habitat type preference were reconstructed for each otolith. Parameters
were estimated separately for the primary and supplementary otoliths because the analytical
settings for the laser ablation instruments and mass spectrometers were different; notably,
the beam sizes and line-scan speed differed. Thereby, the scale of autocorrelation and
variance parameters differed for the two otolith collections. Afterwards, capture positions
and reconstructed Sr concentrations at the otolith edge were related to ocean salinity. This
was done for both collections in combination since the salinity range covered by the first
collection was too narrow to estimate a relation. Finally, the estimated Sr-salinity relation
was used to infer geographical position throughout the life of each individual fish.

2.6 Salinity-Sr relation compared to other studies
In order to further evaluate the validity of our approach of estimating salinity based on otolith
Sr concentration in this case study, the estimated North Sea/Kattegat/Baltic Sea specific
salinity - Sr relationship was compared with published values from laboratory experiments
covering a diverse range of species from different habitats around the world (Barnes and
Gillanders, 2013; Elsdon and Gillanders, 2002; Hicks et al., 2010; Lin et al., 2007; Martin
and Wuenschel, 2006; Miller, 2011; Reis-Santos et al., 2013; Secor et al., 1995; Stanley et al.,
2015; Tzeng, 1996; Zimmerman, 2005). The same salinity-Sr model as in the case study was
fitted to the data from the literature.

3 Results

3.1 Simulation study
In the simulation study, Sr concentrations were obtained through simulated fish movement.
From the simulated geographical positions, salinities were obtained and converted to Sr
concentrations. For each simulated otolith data set, salinity and Sr concentrations were
reconstructed and compared to the simulated truth. In this simulation study, parameter
estimates were not of interest since the estimation model did not correspond to the simulation
model; however, estimated parameters of the calibration curve were compared to the true
values.

3.1.1 Reconstructed Sr concentrations

The proposed method performed well in reconstructing Sr concentrations from noisy data. The
median difference between recovered and true simulated log-Sr concentrations was calculated
for each simulated otolith data set. For the 200 simulations, the average difference was
0.000945 log-ppm. Calculated median differences ranged from -0.00445 to 0.00472 log-ppm.
The median standard deviation of the log-difference was 0.0282 log-ppm, corresponding to a
coefficient of variation of 0.241 on the reconstructed Sr concentrations. The smallest standard
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deviation in the simulations was 0.0212 log-ppm. One simulation had large outliers in the
reconstructed Sr concentrations resulting in standard deviations of the difference to the true
values of 73 876 log-ppm. In the remaining simulations, standard deviations were below 0.12
log-ppm. In a non-automated application, the problematic cases would be easily detected
and handled.

As expected, Hessian based 95% confidence intervals could not provide the expected
coverage; that is, fewer than 95% of the calculated confidence intervals contained the true
value. In this simulation study, the estimation model is strongly simplified compared to
the simulation model. Consequently, different sources of uncertainty could not be captured
correctly. In spite of this, 29% of the simulations had the correct coverage, 86% had a coverage
above 93%, while 97.5% of the simulations had a coverage above 90%. In the remaining
simulations, the coverage was 0, 0.005517, 0.009751, 0.0152, and 89.77%, respectively. For
the most problematic of these simulations, the calculated standard error of the reconstructed
Sr concentrations was effectively zero for a majority of the time series. Therefore, the
problem could easily be detected in applications. Again, this indicated that the method
could reconstruct Sr concentrations from noisy LA-ICP-MS data, even when the model was a
simplification of the true data generating system. While the quality of the reconstruction
depends on the data at hand, there were issues with the problematic simulations that would
raise attention to a poor fit of the model.

3.1.2 Calibration curve parameters

To infer geographical position from otolith chemical compositions, a calibration curve was
fitted to convert Sr concentrations to salinities. The calibration curve was fitted by combining
the reconstructed Sr concentration at the edge of the simulated otolith with the salinity at
the known capture position. In the simulations, the true calibration curve was log-log linear
such that logSr = 6.33 + 0.4 logS. The estimated parameters were close to the true values;
however, the intercept was slightly higher than the true value while the slope was slightly
lower. The mean of the estimated intercept was 6.34 (standard deviation: 0.0226) while the
mean estimated slope was 0.395 (standard deviation: 0.0076). In the 200 simulations, the
parameter estimates ranged from 6.29 to 6.42 and 0.372 to 0.413, respectively. As expected
in a linear regression, the estimates were highly negatively correlated with a correlation of
-0.959.

3.1.3 Reconstructed salinity

Since the parameters of the calibration curve estimates were close to unbiased, salinities were,
in general, accurately recovered from the reconstructed Sr concentrations. On average, the
median difference between the true and the reconstructed salinities was 0.0114 psu. Excluding
the simulations where the coverage of Sr confidence intervals were below 0.02%, more than
32.5% of the recovered salinities were within 0.5 psu of the true value for all otolith collections.
The largest proportion of salinities within 0.5 psu of the true value for an otolith collection
was 64.7%. Likewise, between 53.8 and 79.5% of the salinities were less than 1.0 psu from
the true value, while 67.6 to 92.8% were within 2.0 psu of the true simulated salinity. For
the 4 most problematic simulations, the proportion within 0.5 psu of the true value ranged
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from 36 to 42.6% while the proportion within 1.0 and 2.0 psu were 57.3 to 67.1%, and 77.6
to 86.6%, respectively.

Confidence intervals for salinities were based on confidence intervals of Sr concentrations
and calibration curve parameters. Consequently, the coverage of 95% confidence intervals were
generally lower than 95%. Of the 200 simulations, 24 had the correct coverage, 74.5% had a
coverage above 93%, while 95.5% of the simulations had a coverage above 90%. Further, 5
simulations had a coverage between 88 and 90%. The remaining simulations, with problematic
Sr concentration confidence intervals, had coverages between 39.6 and 54.2%.

3.2 Case study
In the case study, the proposed method was used to infer life time habitat use from otolith
chemical compositions in Atlantic cod. To cover a wide range of ocean salinities, two data
sources were used. The model was fitted separately to the two otolith data sets, because
data were obtained with different mass spectrometry settings; however, the data sets were
combined to fit the calibration curve.

3.2.1 Calibration curve parameters

Based on the reconstructed Sr concentrations closest to the edge of otoliths and salinity at
capture positions, a calibration curve was fitted (Figure 2). The curve assumed that Sr was
a log-log linear function of salinity. The intercept of the curve was estimated to be 6.24
(standard error: 0.0993) while the slope was estimated to be 0.442 (standard error: 0.0304;
Wald test for slope equal to zero p-value: 4.967 · 10−48). While the slope of the relationship
was found to be significant, the residual variance was high (R2 for the log-log relationship:
0.414). Like in the simulation study, the correlation of the estimator was calculated to be
highly negative: -0.991 based on the observed information.

3.2.2 Estimated habitat type preference salinities

With the estimated calibration curve, the estimated habitat type Sr concentrations (µ1, µ2, . . .,
see supplementary material for estimated values) of adult cod in the two otolith collections cor-
responded to salinities (simulation based 95% confidence intervals assuming known Sr habitat
type concentration in parentheses) of 4.42 (3.73;5.09), 16.4 (15.14;17.36), 30.27 (28.6;31.89),
and 35.34 (35.34;35.34) psu and 4.91 (4.16;5.58), 9.93 (8.9;10.8), 23.77 (22.4;25.04), and
35.34 (35.34;35.34) psu, respectively. For both collections, the lowest estimated habitat type
salinities, which were estimated without any assumptions about the study area, corresponded
to the salinity in the Eastern Baltic Sea, while the highest level corresponded to the salinity
in the North Sea (Figure 3). The two middle levels corresponded to the Central/Western
Baltic Sea and Kattegat, respectively. Corresponding geographical extents, accounting for
uncertainty in estimated Sr concentrations, were illustrated in Figure 3. The difference
between the estimated habitat type salinities in the two otolith collections was a direct effect
of the difference between estimated habitat type Sr concentrations.
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Figure 2: Salinities at capture position and corresponding estimated Sr concentrations at
otolith edges from the first (purple) and second (orange) otolith colletions. The estimated
log-log linear Salinity-Sr relation, E(logSr | logS) = 6.241 + 0.442 logS, (left panel) and
corresponding Sr-salinity relation (right panel) is indicated by the full black line and a 95%
confidence interval by the grey area. Calculated salinity is capped at the lower and upper
salinity in the study region. Note that both Sr and salinity are model output subject to
uncertainty.
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Figure 3: Estimated habitat type Sr concentrations for the first (left panel) and second
(right panel) otolith collections translated to salinity. For the first collection, the adult
concentrations are shown. The habitat type salinity corresponding to the lowest estimated
Sr concentration is shown by a green polygon. The following concentrations are shown by
orange and purple polygons, while the salinity corresponding to the highest estimated Sr
concentration is shown by magenta polygons. The map was created using the packages
sp (Pebesma and Bivand, 2005; Bivand et al., 2013) and raster (Hijmans, 2018) in R (R
Core Team, 2019). Land polygons were made with Natural Earth through the R package
rworldxtra (South, 2012).
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Figure 4: Life time habitat use density inferred from salinity for four Atlantic cod in the first
otolith collection from Kattegat (A-B) and the North Sea (C-D). Dark red colors indicate
high densities. Further, the graphs in the bottom right corners show estimated Sr (black line,
left axis) and salinity (red line, right axis) profiles from hatch to capture. Salinity is capped
at the lower and upper salinity in the study region. Hypoxic areas, with oxygen levels below
2 mg/l, are indicated by black polygons (Global Monitoring and Forecasting Center, 2019a).
Capture locations are indicated by open circles. The map was created using the packages
sp (Pebesma and Bivand, 2005; Bivand et al., 2013) and raster (Hijmans, 2018) in R (R
Core Team, 2019). Land polygons were made with Natural Earth through the R package
rworldxtra (South, 2012).
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Figure 5: Life time habitat use density inferred from salinity for four cod in the second otolith
collection from North Sea (A), Western Baltic (B) and Eastern Baltic (C-D). Dark red colors
indicate high densities. Further, the graphs in the bottom right corners show estimated Sr
(black line, left axis) and salinity (red line, right axis) profiles from hatch to capture. Salinity
is capped at the lower and upper salinity in the study region. Hypoxic areas, with oxygen
levels below 2 mg/l, are indicated by black polygons (Global Monitoring and Forecasting
Center, 2019a). Capture locations are indicated by open circles. The map was created using
the packages sp (Pebesma and Bivand, 2005; Bivand et al., 2013) and raster (Hijmans, 2018)
in R (R Core Team, 2019). Land polygons were made with Natural Earth through the R
package rworldxtra (South, 2012).
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3.2.3 Inferred individual geographical habitat use

Using the estimated calibration curve, individual reconstructed Sr trajectories were translated
to salinities which, in turn, were translated to geographical positions. To translate salinity to
geographical position, average salinity from a hydrographical model covering the study area
was used. Using the entire Sr trajectory of an individual, the life time habitat use could be
mapped. From the newly collected otolith data set, two individuals from the North Sea stock
and two individuals from the Kattegat stock were used for illustration (Figure 4).

For the first individual from Kattegat, most of the estimated, most likely, salinities were
between 10 and 22 psu, rougly corresponding to the Western Baltic (Figure 4 panel A). For
this individual 52.1% of the estimated salinities were between 10 and 22 psu, while 44.7%
were between 22 and 34 psu, roughly corresponding to Kattegat. The final 3.2% of the
estimated salinities were above 34 psu, corresponding to Skagerrak/North Sea. In contrast,
the second individual from Kattegat had 99.7% of its estimated salinities between 10 and 22
psu corresponding to a life in the Belt Sea and Sound (Figure 4 panel B). The remaining
estimated salinities were between 22 and 34 psu. The two North Sea individuals in the first
otolith collection both had a larger proportion of their estimated salinities above 34 psu:
22.6% and 44.1%, respectively. One of the North Sea individuals had 8.6% of the estimated
salinities below 10, roughly corresponding to the Eastern Baltic Sea, 8.6% between 10 and 22
psu and 28.7% between 22 and 34 psu. Note, however, that the number of observations per
year decreased with age. Therefore, the proportions could not be directly translated to time.
Further, estimated salinities are inherently subject to uncertainty, not accounted for in this
tabulation.

From the data set re-analyzed from Heidemann et al. (2012), four individuals were used
to illustrate individual estimated habitat use densities: one from the North Sea, one from the
Western Baltic, and two from the Eastern Baltic stock (Figure 5). Like the individuals from
the first otolith collection, the North Sea individual had 19.6% of the estimated salinities above
34 psu, roughly corresponding to Skagerrak/North Sea. The estimated salinity trajectory
indicates that the individual started in low salinity areas before migrating to a high salinity
area. Following a period at high salinity, two periods at low salinity were interrupted by a
short period at high salinity. Finally, the individual migrated to a high salinity area where
it was captured. Therefore, 28.1% were between 22 and 34 psu, 52.2% were between 10
and 22 psu, while 0.1% were below 10 psu. In contrast, the Baltic individuals barely had
estimated salinity levels above 22 psu. For the Western Baltic individual 15.1% were below
10, 81.7% were between 10 and 22, while 3.2% were between 22 and 34 psu. For one Eastern
Baltic individual, 81.7% were between 10 and 22, while 15.1% were below 10 psu. For the
other Eastern Baltic individual, 15.1% of the estimated salinities were below 10, 81.7% were
between 10 and 22 psu, while the remaining 3.2% were between 22 and 34 psu. Combined,
these eight individuals illustrated a difference in life time habitat use between the four stocks
and between individuals from the same stock.

3.3 Salinity-Sr relation compared to other studies
As a final validation of the method, the estimated salinity-Sr relation was compared to
estimated values from the litterature (Figure 6). Fitting a salinity-Sr relation curve to the
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from other species are shown by a dot.
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values from the litterature yielded a curve similar to the one obtained in this study. The
curve had an estimated intercept of 6.265 and a slope of 0.448, that is,

E(logSr | logS) = 6.265 + 0.448 logS

compared to an intercept and slope of 6.241 and 0.442, respectively, obtained in this study.
Finally, the confidence intervals of the two curves completely overlap (Figure 6).

4 Discussion
Habitat use and migration patterns are important information for efficient management and
conservation of marine living resources. To this end, otoliths provide an important, and
readily available, data source for analysing migration and habitat use patterns. To analyse
these patterns, we introduced a method to infer geographical habitat use of individual fish
from otolith chemical compositions throughout the life of a fish.

4.1 Modelling
While previous studies primarily have focused on documenting spatial or temporal differences
between groups of fish, the method introduced here can reconstruct migration patterns of
individual fish. The reconstruction is made through a statistical time series model, more
specifically a regime-switching state-space model with three layers. The first layer models
habitat type preference for the fish, the second layer models the true chemical composition
in the otolith, while the final layer models the inherent measurement uncertainty in mass
spectrometry data. Subsequently, the reconstructed chemical composition, filtered from
measurement uncertainty, is related to geographical areas through a calibration curve. The
calibration curve is estimated from data by combining the chemical composition at the
edge of the otolith with environmental data at the capture position. The method was
validated through a simulation study. The simulation study validated the method in a
realistic simulation. Here, fish movement was simulated and strontium concentration was
constructed from salinity through a calibration curve. Even in this case, the model provided
parameter estimates close to the true values, and was able to reconstruct both salinity and
Sr concentrations. Confidence intervals, however, were slightly optimistic. This is expected
when data are generated by a more complex process than the estimation model. Further, an
additional simulation study, included as supplementary material, validated the estimation
method of the time series model. The study showed that the method can re-estimate the
parameters and gives correct confidence intervals in the ideal case where data is generated
from the estimation model.

4.2 Model applicability
To illustrate the applicability of the method, a case study of 342 newly collected Atlantic cod
otoliths was presented. Since the newly collected otoliths represented a narrow range of ocean
salinity, the data was supplemented by data from Heidemann et al. (2012). The time series
model was applied to each otolith collection, while a calibration curve was estimated for the
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collections combined due to the small range of salinities at the capture positions in the new
data. The case study provided four important insights that match the current knowledge
about the Atlantic cod stocks around Denmark. The estimated habitat use densities indicate
that (1) the Eastern Baltic cod stock primarily stays in low salinity areas; (2) the lifetime
habitat use of Eastern and Western Baltic stocks are overlapping in space; (3) the North Sea
and Kattegat stocks utilize the same areas both in Kattegat, and Skagerrak/North Sea; and
(4) the overlap in habitat use between the North Sea stock and the Baltic stocks are limited.
Combined with the simulation study, the results of the case study indicate that the method
can provide valuable insights into movement and habitat use patterns for other fish stocks in
other areas.

4.3 Model simplifications
In illustrating the method, several simplifications were made: The nature of observations as
a moving average was ignored, salinity was assumed constant over time, hypoxic areas were
not considered, and outliers were removed. In the observational model presented here, an
observation was assumed to correspond directly to an unobserved true Sr concentration in the
otolith. In reality, an observation corresponds to an integral over unobserved Sr concentrations
in the otolith. While possible, accounting for this in the model greatly increases the model
complexity. Therefore, the estimated Sr concentration must be considered to represent a
moving average over the life of an individual.

Several simplifications were made in converting estimated Sr to salinity. Firstly, individuals
were assumed to always be at the bottom. Secondly, salinities were averaged over time. Thirdly,
the salinity-Sr relation was assumed to be log-log linear and independent of, for instance, age,
temperature, season, growth, ontogeny, sex, stress, feeding rations, or reproductive status.
The latter may be accounted for in the second model layer, describing the true chemical
composition, and in the calibration curve when translating to geographical positions. Several
of these assumptions can be relaxed by including in-situ observations of salinity, depth, and
temperature from data storage tags. Adding in-situ observation of salinity may, likewise, aid
in accounting for temporal changes in salinity from, for example, major Baltic inflows. This
will, however, require an extension of the model to account for otolith growth. The ‘time scale’
of the observations in this study is otolith length. In contrast, data from tags are accumulated
in calendar time. Therefore, a growth model is needed to combine the two data sources.
When interpreting the calculated salinities as geographical positions, different geographical
positions with similar salinity can not be separated. Therefore, the current implementation
can not differentiate between, for instance, coastal and off-shore regions with similar salinity.
Likewise, a hypoxic area of the Baltic Sea has a high salinity that could not be differentiated
from other areas. When illustrating the presented method, the hypoxic area was removed.
Alternatively, additional elements may be included to distinguish different areas with similar
salinity. Again, this adds to the computational complexity and requires a multi-dimensional
calibration curve. Further, it requires that the capture position adequately covers the range
of, for instance, potential distances to the shore and oxygen levels. Finally, the approach
used here does not fully account for the natural variability in observed Sr-salinity relationship
reflected in Figure 2. This variability may be reduced by including other factors affecting the
Sr concentration in the otolith such as age, season, growth, ontogeny, sex, stress, temperature,
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feeding rations, or reproductive status (e.g., Sturrock et al., 2015; Hüssy et al., 2020), if
available. If the method is used for classification to areas or stocks, an estimation of power
would require a cross-validation approach on the full method applied on real observations to
investigate how often the correct salinity can be inferred from observed Sr in the otoliths.
This work is beyond the scope of the current study, but can be included in future work using
data from more individuals collected from the study regions included in our case study.

In our study, outliers were removed from the data. In general, it is preferable to include
outliers with a suitable heavy tailed distribution when possible. This may, however, require
additional computational power. Despite these model simplifications, the method is able to
illustrate differences in life time habitat use between individuals and stocks. Further research
and data is needed to include the additional model complexity discussed here.

4.4 Proxies for environmental conditions
There are a number requirements that need to be met for an element to be a good proxy for
estimating environmental conditions: The concentrations incorporated into the otolith must
reflect environmental conditions, and the incorporation dynamics must neither change over
the fish’s life, not be subject to seasonal and/or temperature effects. Otolith Sr concentration
is known to be strongly correlated with environmental Sr concentration and salinity (Bath
et al., 2000; Elsdon and Gillanders, 2003, 2004, 2005a; Kraus and Secor, 2004; Miller, 2011).
The estimated relationship between otolith Sr and environmental salinity in the North Sea –
Kattegat – Baltic Sea complex is no exception. The relationship estimated here is similar to
published values (Figure 6), thereby lending this approach the necessary credibility. Neither
temperature (Gallahar, 1996; Kalish, 1989; Reis-Santos et al., 2013; Secor et al., 1995; Tzeng,
1996; Walther et al., 2010) nor growth (Bath et al., 2000; DiMaria et al., 2010; Kalish,
1989; Secor et al., 1995) seem to have a consistent effect on otolith Sr incorporation. While
laboratory experiments have suggested that the Sr incorporation dynamics do not change over
a fish’s life (Begg et al., 2005; Elsdon and Gillanders, 2005b; Fowler et al., 1995), an increase
in otolith Sr concentration is often observed with fish age field in samples of marine species
(Hughes et al., 2016; Kalish, 1989). While, for instance, ontogeny, age, and growth may
influence incorporation dynamics (e.g., Sturrock et al., 2015; Hüssy et al., 2020), increases
with age are usually environmental signals linked to migrations rather than an ontogenetic
effect (Sadovy and Severin, 1992; Secor and Rooker, 2000; See, e.g, Hüssy et al., 2020, for
a recent review). In this study an apparently ontogenetic change from juvenile to adult
fish occurred, with lower otolith Sr during the early life stages. This seems related to an
ontogenetic change in habitat occupation from low salinity shallow water in juvenile cod to
deeper more saline areas in adult fish in this area (Bauer et al., 2010; Oeberst, 2008; Pihl,
1993).

Sr is not the only candidate worth considering. Barium (Ba) for example shows a nutrient-
like distribution with depletion in coastal and surface waters (Elsdon and Gillanders, 2005a;
Walther and Limburg, 2012), while manganese (Mn) is a reliable indicator for environmental
hypoxia (Altenritter et al., 2018; Limburg et al., 2011, 2015). Likewise, sources of heavy
metal contamination may be useful if there is a gradient in concentration away from the
source (Ranaldi and Gagnon, 2008). Common for these possible cases is that they are
based on elements and conditions that provide an environmental and biological meaningful
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interpretation.

4.5 Methodological considerations
In this study, the calibration curve was estimated in a post-hoc analysis to include both
otolith collections in the estimation. This was necessary due to the short range of salinities
at the capture positions in the new collection. To obtain a reliable calibration curve, a wide
range of values must be present for the environmental variable; that is, otoliths must be
collected from the entire study area. Using model output in a post-hoc analysis may create
bias; however, the second simulation study showed that the method could provide calibration
curve parameter close to the true values. Further, it was assumed that the same calibration
curve could be used throughout the life of an individual. If this is not a reasonable assumption,
a calibration curve including, for instance, fish age as a covariate can be estimated instead.
Likewise, the time series model assumed that there is no lag in Sr deposition in the otolith
and that the Sr concentration is constant if the fish is exposed to a constant salinity. If this
is not the case for the relevant trace element, both the time series model and the calibration
curve need to be modified to account for these issues; however, estimating a time lag in trace
element incorporation will likely require additional data or explicitly including the processes
included in incorporating the element in the otolith.

Finally, the present model ignores the change in time scale through the life of a fish.
In the model, distance from the otolith nucleus is used as the time scale; however, as the
fish ages, the growth rate decreases, both for the fish and the otolith. Therefore, the same
distance in the otolith corresponds to different time differences in the beginning and the
end of the otolith. Moreover, observations correspond to an average over time where the
time interval is determined by the constant beam size, thereby reflecting different time scales
from the nucleus to the edge of the otolith. Further research is needed to include this change
in time scale through a growth model; however, a straight forward approach could be to
transform the time scale independently of the methods presented here (e.g., Morissette et al.,
2016; Gallagher et al., 2018). When investigating the time spend in different habitats, even a
simple approach to transforming the time scale may be preferable over the measured transect
lengths.

Analysing otolith chemical compositions by time series models will greatly improve the
usefulness of the data. Through time series models, as the method introduced here, individuals
can not only be classified to stocks of origin, their entire life history can be investigated.
Investigating, explaining, and comparing migration and habitat use patterns of different
stocks provides invaluable input for conservation and management of marine living resources.
For Atlantic cod, strontium-salinity was the relevant relation from otolith to environment;
however, the method outlined is directly applicable for other trace elements and study areas.
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