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ATLANTIC BLUEFIN TUNA AREA TRANSITION MATRICES
ESTIMATED FROM ELECTRONIC TAGGING AND SATTAGSIM

B. Galuardi*", S.X. Cadrin?, I. Arregi?, H. Arrizabalaga?,
A. Di Natale®, C. Brown*, M. Lauretta’, M. Lutcavage®

SUMMARY

We demonstrate use of a telemetry based method for simulating individual based movements to
produce transition matrices for movement inclusive models. A custom R package (SatTagSim) was
used on Atlantic bluefin tuna electronic tagging data from the Large Pelagics Research Center
(UMass Boston), AZTI Technalia, the Grande Bluefin Year Program, and the National Marine
Fisheries Service (USA) to derive transition matrices for an 11-box and 4-box model. Migration
rate matrices were produced for western Atlantic tagged fish >185cm, and <185 cm, as well as for
eastern tagged fish (all sizes). The estimates provided are fishery independent and external to the
operational and assessment frameworks. The results are highly informative to the assessment by
(1) providing estimates of bluefin tuna movement for consideration as fixed values, prior
probabilities on movement, or for direct comparison with estimates of movement from mixed stock
assessment models (2) to facilitate discussion of movement rate assumptions and the use of
electronic tagging data in various assessment models.

RESUME

Nous présentons une méthode reposant sur la télémétrie servant a simuler les mouvements
individuels afin de produire des matrices de transition pour les modéles intégrant les déplacements.
Un logiciel personnalisé R (SatTagSim) a été utilisé sur les données de marquage électronique du
thon rouge de I’ Atlantique depuis le centre de recherche sur les grands pélagiques (UMass Boston),
AZTI Technalia, le programme d’année thon rouge et le National Marine Fisheries Service (Etats-
Unis) pour obtenir des matrices de transition pour un modéle a 11 boftes et a 4 boites. Des matrices
de taux de migration ont été produites pour les poissons > 185cm et < 185 cm marqués dans
[’Atlantique Ouest, ainsi que pour les poissons marqués dans I’Est (toutes tailles). Les estimations
fournies sont indépendantes des pécheries et externes aux cadres opérationnels et d’évaluation. Les
résultats sont trés instructifs pour [’évaluation en (1) fournissant des estimations des déplacements
du thon rouge qui servent de valeurs fixes, des probabilités a priori sur les déplacements, ou de
comparaison directe avec les estimations des déplacements des modeéles d’évaluation des stocks
mixtes ; et (2) pour faciliter les discussions sur les postulats des taux de déplacement et ['utilisation
des données de marquage électronique dans divers modeéles d’évaluation.

RESUMEN

Se muestra el uso del método basado en la telemetria para simular los movimientos de los
ejemplares para producir matrices de transicion para los modelos que incluyen movimiento. Se
utilizé un paquete de R adaptado (SatTagSim) en los datos de marcado electrénico de atin rojo del
Atlantico procedente del Centro de Investigacién de Grandes pelagicos (UMass Boston), de AZTI
Technalia, del GBYP y de Servicio nacional de pesquerias marinas (Estados Unidos) para derivar
matrices de transicion para un modelo 11-box y 4-box. Se elaboraron matrices de las tasas de
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migracion para los peces marcados en el Atlantico occidental > 185 cmy < 185 cm, asi como para
los peces marcados orientales (todas las tallas). Las estimaciones proporcionadas son
independientes de la pesqueria y externas a los marcos de trabajo operativos y de evaluacién. Los
resultados aportan mucha informacién a la evaluacion (1) ya que generan estimaciones del
movimiento del atin rojo para su consideracion como valores fijos, probabilidades de
distribuciones a priori sobre el movimiento o para su comparacion directa con estimaciones de
movimiento de modelos de evaluacion de stocks mixtos y (2) facilitan el debate sobre los supuestos
de las tasas de movimiento y el uso de los datos de marcado electronico en los diversos modelos de
evaluacion.
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Introduction

The benchmark assessment of Atlantic Bluefin tuna (Thunnus thynnus) in 2017 offers a unique opportunity to take
advantage of the wealth of electronic tagging data collected in the past 20+ years. The Grande Bluefin Year
Program (GBYP), a project within the International Commission for the Conservation of Atlantic Tunas (ICCAT),
in particular offers a source of tagging data originating in the eastern Atlantic that was not previously available.
Management strategy evaluation (MSE) is a priority for Atlantic bluefin tuna management and is currently a
funded initiative within ICCAT (Carruthers and Davies 2014). Development of operating models is a key
component to MSE and can be a vector for utilizing electronic tag data (Kerr et al., 2012, 2016; Carruthers et al.,
2016a).

There are several challenges in making these data usable in assessment activities. The first is to summarize the
data in a way that is readily usable by models. Not all tagging data are equal in terms of length, area, and season
of deployment. Fish are often tagged opportunistically, when and where they are accessible (e.g. Galuardi and
Lutcavage 2012, Cermefio et al. 2015, Wilson et al. 2015). Electronic tags consist of implantable and pop-up
satellite tags from several manufacturers, each with specific methods of deriving positional information. The
quality of the positions is poor, and requires statistical or algorithmic correction to derive reasonable geolocation
estimates (Teo et al. 2004, Lam et al. 2010a, Galuardi and Chi Hin (Tim) 2014, Neilson et al. 2014). Last, tagging
data are expensive to collect and hold incredibly high scientific value. Allowing time for individual programs to
publish results often means data are not quickly available for other purposes.

The solution to many of these issues is to simplify the manner in which the data are represented, and summarize it
in an easily usable format. Empirical summaries by area and season offer the simplest method for incorporating
many different data sources without compromising individuals information for other purposes (Carruthers et al.,
2016b). Simple summaries do not, however, take into account the uncertainties in the positions from which they
were derived and do not deal effectively with the biases of short tracks in these datasets. A more robust method is
to use individual based simulation, based on the tagging data, to produce movement probability metrics by season
and area (Galuardi et al., 2014).

Here, we use several electronic tagging datasets, from the eastern and western Atlantic (Figure 1), to produce
seasonal movement matrices for use in current and future operational and assessment models of Atlantic bluefin
tuna. We use the 11-box model developed for the GBYP MSE (Carruthers et al., 2016b) as well as a simplified 4-
box model. Simulation and matrix derivations were carried out using a custom package (SatTagSim) for the R
statistical software (R Core Team 2015).

Methods

To generate movement probability matrices, we used methods modified and updated from Galuardi et al. (2014).
Tagging data were available from several sources including the Large Pelagics Research Center of the University
of Massachusetts Boston, AZTI Technalia, the GBYP and the NOAA Southeast Fisheries Science Center (Table
1). We used a total of 499 tagged fish ranging from 66 to over 300 cm curved fork length (CFL). These data were
split into eastern and western areas releases, defined by the 45° W Longitudinal stock boundary. Western tagged
fish were further split into categories >= 185cm CFL (n = 189) and < 185cm CFL (n = 113), for a total of three
groups. The size split in the western Atlantic is consistent with the commercial size limit of the United States and
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represents an approximately 7-8 year old fish (Restrepo et al., 2010). Fish tagged in the eastern Atlantic (n = 166)
were often tagged underwater and were not measured consistently. Therefore, this group could not be reliably
divided by size/age. We recognize there are several additional institutions, with substantial electronic tagging data,
which were not included in this study due to availability at the time of the work.

For each group of tagged fish, monthly advection parameters (u and v, mean and standard deviation) were
calculated from the final estimated tracks for the group for that month. Diffusive parameters (D, mean and standard
deviation) were calculated using either the diffusion parameter estimated from a Kalman filter state space model,
or the fixed values used in the estimation. Fixing a diffusion parameter often occurs when using the KFtrack family
of estimation models (e.g. Sibert et al. 2003, Lam et al. 2010b), and is standard practice for CLS derived tracks.
These parameters were used in a correlated random simulation scheme that is parameterized in terms of the
advective and diffusive parameters (Sibert et al., 2003, 2006; Galuardi et al., 2014).

For each group, 84 fish were ‘released’” each month (1,008/year). Starting points were determined by mapping the
density of observations each month, and randomly selecting 1° grid cells in proportion to the densities. In this
manner, simulations were started in all months and in all areas where observations took place, while retaining the
relative importance of the observations. Each track was simulated for 720 days (~ 2 years), with daily positions
being derived by sampling the parameters in the previous step, and generating steps or a correlated random walk
(Galuardi et al., 2014).

A sea surface temperature climatology (Boyer et al., 2013) was used to keep simulated fish both in the water and
in suitable water masses. Suitable temperature was determined by determining the 95% intervals of tag measured
temperatures from the LPRC dataset for each month (Figure 2). Sea surface temperature can show considerable
inter-annual variability which could affect habitat suitability for a particular year. However, since we combined
tagging data from all years, a climatology was both more appropriate and more practical for the simulation
framework. ETOPO1 bathymetric data (Amante and Eakins, 2009) were combined with the World Ocean Atlas 1°
surface temperatures for each month to represent habitat available for simulated fish. The bathymetry layer was
modified to reduce barrier effects of Florida, the Straits of Gibraltar and through the Laurentian Channel. The tag
measured temperature limits were applied to these layers for each month, and temperatures out of range were
clipped. A moving time window was used as a further selection criterion so that for a given location, at least two
months out of a three month window had to meet the temperature range criteria. This step was intended to keep
simulated fish out of the sub-arctic water in winter and out of tropical water in the summer.

Simulated fish were assigned to an area occupied each day through a geoprocessing overlay step. Both an 11-box
and 4 box model were considered (Figure 3). To determine occupancy and transition, the first box occupied in
each season was selected as the box occupied that season. Seasonal transition probabilities were then calculated
by cross-tabulating the previous and currently assigned box for each fish for each season and dividing by the total
for each row. For rows where no simulated fish occurred, a value of 1 was inserted in the diagonal position for
that row (i.e. no movement from that area between seasons). This preserves the matrices Markovian properties
where the row-wise probabilities must sum to 1.

To determine the mean and variance of each transition, the described simulation was repeated 1000 times, for a
total of 1,008,000 simulated fish in each group. A 95% confidence interval was approximated for each matrix cell
by calculating the 2.5% and 97.5% quantiles. The simulations were done in parallel using a desktop computer with
an 8-core Intel i7 3.4GHz processor. Each group run took ~18 hours to complete. In prior efforts, without the
replication for variance, runs of 12,000 simulated fish took 15-20 minutes on a standard laptop running 4 cores in
parallel.

Results

A total of six movement probability matrices were constructed for the three groups and two spatial structures
(Figures 4-9). Values in each cell represent the mean and 95% confidence intervals for the 1000 runs. Cells where
the confidence interval was extremely small are indicative of either very low occurrences in that season/area, or.,
that there were no movements to those, or a combination of these. Figures 6 and 9 demonstrates this for region 1
(the Gulf of Mexico), for fish tagged in the eastern Atlantic, and Figures 4, 5, 7 and 8 show similar results for
simulations from western tagged fish in Mediterranean boxes. Parameters derived from the tagging data and used
for the simulations are found in Tables 2-4.
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Discussion

Spatially explicit and operational and assessment models require use of some form of movement matrix to either
to assign or estimate probability of movement between areas of interest. Using a simulation framework
(SatTagSim) has several advantages: 1) producing these matrices external to the modeling framework should
improve computational performance by reducing the confounding between movement and mortality parameter
estimates within mixed stock models 2) use of simulations, instead of empirical summaries, acts as a form of
bootstrap and extends the utility of the information available 3) summarizing movement parameters across time
allows the use of any spatial stratification. In the case of Atlantic Bluefin tuna, these could be across stock
boundaries, spawning regions, and among fishery reporting regions. Finally, use of electronic tagging data
provides fishery independent estimates of fish movements.

This work is an updated version of work presented at the 2016 bluefin data preparation meeting, and follows the
preliminary work in Galuardi et al. (2014). Several caveats should be kept in mind with respect to this method.
First, the simulation method does not constrain fish to any specific area. This is a fundamentally different decision
than what was used in MAST model (Taylor et al., 2011), where fish in certain regions were not allowed to transit
to other regions (e.g. the Gulf of St. Lawrence to the Mediterranean). SatTagSim only constrains movement
according to the movement parameters derived from tagging data and subsequent track estimation. This has the
advantage of freely allowing for stochasticity in the simulation according to the data. Second, the temperature
constraints are biologically reasonable but are somewhat subjective in application. SatTagSim allows the user to
specify, within the moving time window, the number of suitable months for surface temperature (1 — 3 months).
This was included in the method to keep fish out of areas that are typically beyond their thermal range, but can
also act as a barrier if, for example, the temperature climatology changes quickly from one month to the next. The
level of temporal detail in the World Ocean Atlas allows only for a monthly time step. A more continuous
climatology may be worth consideration.

The most useful consideration in using tagging within a mixed stock assessment is knowledge of the stock of
origin of the tagged fish. Determining stock of origin from tagging data is not easily accomplished since many
assumptions must be made about spawning site fidelity, spawning frequency, maturity, condition, spawning area,
etc. Furthermore, the prevalence of short tracks (Figure 10) disallows many of these tracks from consideration
since they were not at liberty long enough even to apply these assumptions. Therefore, we did not make
assumptions of stock origin in this work and classified fish based only according to where they were tagged. Given
current knowledge of mixing rates from otolith work (e.g. Rooker et al., 2014, Siskey et al., 2016), it is reasonable
to assume a majority of our fish tagged originated from the stock primarily associated with the tagging region. A
detailed breakdown of size, location and season of tagged fish would be necessary to have a better understanding
of possible stock origin of tagged fish.

Future work should include simulations and movement matrices using only fish that visited a known spawning
area. The simplest version of this could be assigning western stock origin to tagged fish that visited the Gulf of
Mexico and eastern origins to fish that visited, or were tagged in, the Mediterranean. Recent work highlighting the
prevalence of spawning in the Slope Sea in the western Atlantic (Richardson et al., 2016) could add additional
complexity and stock assignment but, currently, there is not a consensus to which stock Slope Sea spawners should
be assigned, or how this information may affect our understanding of stock structure (Walter et al., 2016). These
results also suggest possible alternate spatial configurations, such as moving the split between areas 8 and 9
(Eastern Atlantic areas) to the Straits of Gibraltar.

Summarizing electronic tagging data movement parameters based on area of tagging is not analogous to stock
assignment, but it does have the effect of functionally including movement patterns from a minority occurring
stock within the majority stock within the variability of those parameters. For example, in our approach, western
tagged fish behave similarly. Eastern origin fish that travel to the Med represent increased variability in the
parameter estimates for months they are in the eastern Atlantic and Mediterranean. The number of Western tagged
fish that crossed the 45° W line is low: 9/189 for fish >=185cm (4.8%), 5/113 for fish < 185 cm (4.4%).

An interesting and valuable exercise would be to approach the parameter summarization as described above, and
assign a probability of switching parameter sets when moving into areas and during seasons where mixing is more
likely to occur. This would have the biological effect of schools mixing and fish taking on the movement
characteristics of other fish. This probability could be informed by the matrices reported here as well as from
biological sampling (e.g. Rooker et al., 2014; Graves et al., 2015; Siskey et al., 2016).
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Atlantic bluefin tuna are currently assessed using the VPA 2-box method (Porch, 2003), which is usually applied
separately to the eastern and western stocks (ICCAT, 2014). The current benchmark assessment affords the
opportunity to apply this method with mixing, and to compare results against other movement inclusive methods.
One essential question as to the nature of the mixing between the two stocks is whether the two stocks represent
an overlap model, where fish return to natal spawning grounds without deviation, or a diffusive model where fish,
typically from the larger stock (eastern) more or less permanently emigrate and take on the characteristics of the
western stock. The current application of SatTagSim more closely represents a diffusive method, but it could easily
be extended to examine other scenarios.

Finally, future work may include use of additional tagging datasets to produce a more complete picture of telemetry
based movement. These could include those from Stanford University, the Department of Fisheries and Oceans
(Canada), The University of Cadiz (Aranda et al., 2013, Abascal et al., 2016), and Ifremer (Fromentin and
Lopuszanski, 2013). Increased data will refine these simulations by providing a more robust analysis of bluefin
migrations.
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Table 1. Datasets used in simulations.

Primary Area of . Number of Years Principal
Owner Size at release ;
release tags tagged Investigator
LPRC/UMass Canadian Maritimes, 75-300 cm 302 1997- Molly Lutcavage
Boston Gulf of Maine 2014
NOAA, SEFSC Gulf of Mexico 190-270 cm 31 2010- Craig Brown
2012
AZTI Bay of Biscay 66-110 cm 20 2005- Igor Arregi/Haritz
2010 Avrrizabalaga
GBYP Multiple; Eastern 56-265 cm 146 2011- Antonio Di Natale
Atlantic and Med 2015
Total
Western S5
Total Eastern 166
Grand Total 499

Table 2. Parameters derived from 189 western tagged Atlantic bluefin >= 185 cm CFL. Advective terms are u and
v while D indicates diffusion. The ‘sd’ prefix indicates standard deviation. Units are nautical miles/day (nmd) for
u, v, sd.u, sd.v, and nautical miles squared per day (hm2d*) for D and sd.D.

Month u v D sd.u  sdv sd.D

1 214 -2.04 122128 1230 8.07 1253.39
2 -124 -1.69 1304.15 18.18 7.93  1300.40
3 -2.27 061 140527 16.04 11.71 1337.40
4 203 570 128455 16.73 10.32 1299.74
5 926 107 1282.14 16.32 10.08 1386.94
6 13.60 17.15 1388.65 21.19 17.73 1470.72
7 123 427 125362 14.63 13.26 1449.20
8 057 -0.62 1053.34 455 536 1365.82
9 0.88 -0.22 106258 4.75 9.36 1315.52
10 -2.99 -7.69 1081.05 10.01 11.06 1178.61
11  -816 -9.05 1076.06 10.19 9.39 1135.88
12 -195 -210 112835 933 671 1165.03
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Table 3. Parameters derived from 113 western tagged Atlantic bluefin < 185cm CFL. Terms and units follow
those in Table 2.

Month u v D sd.u  sdv sd.D
1 1.39 -192 961.81 10.96 8.38 1056.34
040 -0.88 94505 13.18 6.28 1064.86
3 0.24 -0.14 95522 1275 9.40 1061.66
4 1.18 558 92352 13.24 8.91 1043.36
5 0.76 237 943.17 1161 6.38 1152.37
6 1.32 332 1085.69 15.72 10.75 1288.33
7
8
9

-0.32 122 98151 10.74 7.47 1193.80
0.33 -0.53 848.29 342 476 1143.32
032 -1.08 903.56 4.44 6.53 1067.70
10 -242 -562 93712 7.88 9.36 1000.87
11 -591 -7.21 94713 10.26 10.01 997.11
12 -119 -283 936.52 7.97 7.75 992.68

Table 4. Parameters derived from 166 eastern tagged Atlantic bluefin. Terms and units follow those in Table 2.

Month u v D sd.u  sdv sd.D
1 -0.89 -1.23 94654 10.34 4.98 718.32
2 -1.23 -0.21 84577 6.77 418 574.34
3 -0.77 -0.82 790.73 4.75 2.88 34545
4 053 0.76 790.98 434 2.03 352.88
5 6.44 154 970.84 2505 7.89 49353
6 448 091 879.66 19.11 7.15 478.84
7 -8.81 4.01 91588 1546 11.16 514.00
8 -0.88 3.12 1010.16 5.17 8.06 572.07
9 -1.77 149 101743 6.88 8.07 757.13

10 0.17 -0.29 102769 7.05 6.01 724.73
11 -1.45 0.11 103725 5.69 4.07 699.24
12 -0.69 -0.71 101830 6.28 6.90 704.73
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Figure 1. Electronic tagging data used in the analysis. Large Pelagics Research Center (LPRC) included fish both
>=185cm and < 185cm and included both immature and mature individuals. The NOAA data were all mature fish,
>=185cm. AZTI data were mostly immature fish (Arregi at al., in prep). GBYP likely had a mix of mature and
immature fish.
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Figure 2. Cumulative distributions of tag measured temperatures from the LPRC electronic tagging data (n = 341
fish). Plots show the percentage of observations (y-axis) that fell with each temperature (x-axis). The mean (red
line) and 95% quantiles (blue lines) are displayed for reference. The temperature range used for the simulations is
less stringent than these observations to account for unobserved variance.
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4-box model

11-box model

Figure 3. Two spatial stratification schemes considered for movement transitions. The 4-box model is an
aggregated subset of the 11-box model. The 4-box model was adjusted slightly so that the western boundary did

not cross into the Pacific Ocean.
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Figure 4. Western tagged fish >= 185 cm CFL, 4 box model. In each cell, the first line represents the mean
transition probability from the previous season to the current season. The colorbar represents the mean as a visual
aid. The second line in each cell is the 95% confidence interval of the 1000 replicate runs. Figures 5-9 are labeled

in this manner.
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Figure 5. Western tagged fish < 185 cm CFL, 4 box model.
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Figure 6. Eastern tagged fish, 4 box model.
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Figure 7. Western tagged fish >= 185 cm CFL, 11 box model.

2918

08

- 04

02

=00

- 06

- 04

- 02

=00



Ho2g

ooy

Figure 8. Western tagged fish < 185 cm CFL, 11 box model.
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Figure 9. Eastern tagged fish, 11 box model.
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NOAA & LPRC data
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Figure 10. Histogram of days at liberty for the combined NOAA and LPRC datasets (n = 333). This highlights the
prevalence of relatively short tagging durations.
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