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EXECUTIVE SUMMARY 

Sippel, T. (2006) Use of satellite transmitting archival tags on pelagic fish in New Zealand. 
New Zealand Fisheries Assessment Report 2006152, 36p. 

Archival tagging technologies have dramatically improved temporal and spatial datasets describing 
pelagic fish movement and behaviour since their initial development in the 1980s. These tags can record 
ambient water temperature, depth, light level, and some models also record internal body temperature and 
electrophysiological data for many months, and sometimes years. Two types of archival tags are currently 
available; implantable archival tags (IATs) are surgically implanted into the body cavity of the fish and 
require the fish to be recaptured in order to recover the data from the tag, and pop-off satellite archival 
tags (PSATs) which are attached externally to the fish and release automatically to transmit their data to 
satellites. PSATs are more expensive and larger than IATs, but PSATs transmit valuable information to 
Argos satellites without physical recovery of the tags thus making them fishery independent. The archival 
data stored on both IATs and PSATs can be downloaded when the tags are physically recovered. This 
report focuses primarily on PSATs, but addresses IATs as well because there is sometimes overlap in their 
usage and data analysis. 

Two manufacturers produce most of the satellite transmitting archival tags available on the market. All 
PSAT tags measure ambient temperature, pressure (depth), and light level, but different models store and 
transmit these data in different ways. As a result, there are differences in how data are analysed and 
interpreted. 

PSATs use the largest portion of their battery resources during data transmission to Argos satellites. As a 
result, they can not transmit the entire archive of data sampled at the high frequencies programmed into 
the tag before deployment. Therefore they transmit snapshots or summaries of their data. Transmitted data 
are retrieved by researchers from Argos servers whereby post-processing software is used to translate raw 
binary data into formats useful for analysis. Three kinds of data can be obtained from the different tag 
models, including summaries of the proportions of time the tagged animal spent at user defined 
temperature and depth ranges over time, individual temperature at depth measurements, and dawn/dusk 
light level curves which can be used to estimate the tagged animal's location using geolocation 
algorithms. Analysis and interpretation of temperature and depth data are generally straight forward, and 
can be evaluated with simple statistical tests. However, several methods have been developed to analyse 
light level data to produce geolocation estimates. Light level geolocation is subject to various sources of 
variance and uncertainty which limit the ability to resolve a tagged animal's position through light level 
geolocation alone. Statistical modeling and addition of water temperature (or depth) data to augment 
geolocation methods have significantly advanced geolocation of archivally tagged marine fishes. 
However, most models have been assessed using data from archival tags attached to buoys, and the 
performance of the models on tagged fish data is uncertain. One recent study validated the performance 
and accuracy of a geolocation model using data from tagged fish, providing a particularly useful 
assessment of archival tag geolocation performance. 

This report describes the three most commonly used PSAT models which are commercially available. The 
similarities and differences in their usage are reviewed and methods for analysing their data are described. A 
case study reviews how PSATs were deployed on striped marlin from the New Zealand recreational fishery 
during the summer of 2003. Included in the case study are information about which PSAT tags were used, 
how they were prepared and programmed for deployment, what data were obtained, and how the data were 
analysed and interpreted. 
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1. INTRODUCTION 

Tracking fish through the marine environment has been rife with challenges since the 1950s when acoustic 
tags were first used. Some of the challenges included creating instruments which functioned in extreme cold 
and depth, were small enough to be carried by marine animals, attaching the tags without harming the animal, 
and retrieving data. Acoustic tagging studies of pelagic fish are labour, time, and money intensive and are 
commonly limited to durations of less than 72 hours due to cost, and the difficulty of remaining within range 
of the tagged animal. Archival tags which contained a microprocessor, memory chip, and sensors for 
measuring temperature, pressure and light levels were developed in the 1980s. These surgically implanted 
tags could record high frequency data over many months. The quantity and quality of data collected by these 
new tags were a leap forward from acoustic tags. Implantable archival tags (IATs) are still in use today and 
have evolved as advances in miniaturisation, memory capacity and sensor types have enabled vast quantities 
of data to be collected over very long periods (years). In the early 1990s the National Marine Fisheries Service 
began soliciting manufacturers to develop a pop-off satellite archival tag (pSA T) for Atlantic blue fin tuna 
(Thunnus thynnus) (Arnold & Dewar 2001). They recorded temperature data for about 10 days before 
automatically releasing from the fish and transmitting to Argos satellites. Block et al. (1998b) and Lutcavage 
et al. (1999) published some of the first results from these tags which were deployed on Atlantic bluefm tuna. 
Since, the tags have evolved and now record ambient temperature, pressure, and light levels. Sophistications 
in software have also greatly improved the quality of data transmitted. 

Pop-off satellite archival tags have been used on a wide variety of pelagic fish, particularly in the Atlantic 
and Pacific Oceans. PSAT which are sometimes combined with IATs andlor acoustic telemetry tags, have 
greatly expanded understanding of Atlantic bluefin tuna population structure and environmental biology 
(Lutcavage et al. 1999, Block et al. 2001, Block et al. 2005, Wilson et al. 2005). The environmental 
biology and movements of Pacific bluefin tuna (Thunnus orientalis) have been investigated using these 
same tools (Marcinek et al. 2001, Domeier et al. 2005). Likewise, new information about the behaviour, 
movements, and environmental preferences have been provided for numerous shark species, including 
white sharks (Carcharodon carcharias) (Boustany et al. 2002, Dewar et al. 2004, Bonfil et al. 2005), blue 
sharks (Prionace glauca) (Teo et al. 2004) and salmon sharks (Lamna ditropis) (Teo et al. 2004, Weng et 
al. 2005), basking sharks (Cetorhinus maximus) (Sims et al. 2003) and whale sharks (Rhincodon typus) 
(Eckert et al. 2002). PSAT tags have also proven useful for addressing post-release survival of billfishes 
including striped marlin marlin (Tetrapturus audax) (Domeier et al. 2003), white marlin (Tetrapturus 
albidus) (Horodysky & Graves 2005), and blue marlin (Makaira nigricans) (Graves et al. 2002, Kerstetter 
et al. 2003) and for investigating the environmental preferences of black marlin (Makaira indica) (Gunn et 
al. 2003). The tags have also been successfully deployed on sharp tailed molas (Seitz et al. 2002), and the 
list of suitable species will continue to increase as scientific demand for fishery independent datasets 
grows. Sedberry & Loefer (2001) deployed PSATs on swordfish (Xiphias gladius) which provided 
valuable information, but they also encountered animal mortality, tag retention, and data analysis 
difficulties unique to swordfish. 

Because of limited battery resources, PSAT tags can not generally transmit to satellites the entire archive 
of data they record. Instead they transmit some selected portions of their temperature and depth data 
andlor temperature and depth summaries which are averaged over time periods called 'bins', and light 
levels recorded over dawn and dusk each day. Software tools and techniques for analysing and 
interpreting these data types are evolving as quickly as the tags themselves. Analysis and interpretation of 
summarised temperature and depth data are relatively straightforward. Individual measurements of 
temperature at depth over selected periods are useful for reconstructing the water column experienced by 
the tagged animal. Analysing and displaying reconstructions ofthe water column using these data requires 
the use of customised software tools. Lastly, ambient light level profiles over dawn and dusk are used to 
estimate the position of the fish each day. However, there are at least three published theories about how 
best to interpret light level geolocation data (Wilson et al. 1992, Hill 1994, Welch & Eveson 1999, Hill & 
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Braun 2001). Estimates of longitude from each of these methods tend to have error rates which remain 
constant under most environmental conditions and times of year. However, estimating latitude via 
recorded light levels is much more problematic as error rates change with environmental conditions, time 
of year, and true position. 

Processing, analysing, and interpreting geolocation information from archival tags is the focus of much 
research. Musyl et al. (2001) reviewed IATs produced by different manufactures and light level geolocation 
theories used to estimate locations of tagged animals. Sibert et al. (2003) used a Kalman filter statistical 
model to estimate the magnitude of errors from light level geolocations, and to compensate for these errors 
based on assumptions about realistic animal movement rates and information known about the causes of 
light level geolocation error. Nielsen et al. (2006) updated the Kalman filter model with the ability to 
cross-reference SST data from archival tags and satellites. This significantly improved the accuracy of 
latitude estimates in particular. Other authors have also used environmental variables to either augment 
light level geolocation estimates, or provide estimates independent of light levels (Delong et al. 1992, 
Block et al. 2001, Inagake et al. 2001, Kitagawa et al. 2004). Two recent studies have attempted to 
directly estimate the latitude of tagged animals by matching water temperatures measured when the tagged 
animal is at the surface with satellite derived sea surface temperature. Teo et al. (2004) estimated latitudes 
of tagged bluefin tuna, blue sharks and salmon sharks by searching along a light level longitude line for 
surface temperatures from PSATs and IA Ts which matched remotely sensed SST. Their position estimates 
were validated with known positions provided by Argos SPOT (Smart Position or Temperature) tags 
attached to the shark species. Domeier et al. (2005) matched SST from PSAT and IA T tags deployed on 
Pacific bluefin tuna with satellite SST through a program called PSAT Tracker Information System 
(PTIS). PSAT Tracker searches a given longitude within multiple satellite SST sources for temperatures 
which match the tag's surface temperature records. 

This report primarily reviews the use of PSAT tags and techniques for analysing their data, but also includes 
many references to IATs as there is much overlap in their usage and the data they collect. The term 'archival' 
refers generally to either tag type and their data, whereas PSAT and IAT refer specifically to those tag types. 
Two manufacturers sell most of the PSAT tags currently used by researchers. The tags made by Wildlife 
Computers and Microwave Telemetry are similar in appearance, size, and function. However, their data are 
stored and output in different ways. Importantly, they use different methods to interpret ambient light levels 
stored by the tags to estimate the location of tagged animals. The methods employed by Wildlife Computers 
for light level geolocation analysis are available in peer reviewed literature and on their website. 

A case study describing how PSAT were used to study striped marlin in New Zealand in 2003 (Sippel et al. 
Unpublished results) and indicates how PSAT tags can be of use in New Zealand fisheries. The case study 
review includes discussion about how tags were prepared and programmed, how they were deployed, what 
data they provided, how those data were analysed, and what conclusions were made as a result. Some novel 
approaches were adapted for analysis ofthe 2003 geolocation data which combined two existing techniques in 
ways not published before. An expanded view of striped marlin biology resulted and much of the information 
is useful to fishery managers. 

2. THE TAGS 

There are two primary manufacturers of PSAT tags. Wildlife Computers (Redmond, Washington, USA) 
manufactures what they call a 'PAT', or pop-off archival tag. Microwave Telemetry (Columbia, 
Maryland, USA) produces two versions ofPSAT tags they call the PTT-I00 and PTT-I00 HR. All PSAT 
tags have user programmable features and transmit their data to Argos satellites. I have first hand 
knowledge of Wildlife Computers PSAT tags and their data, but not with either model of Microwave 
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Telemetry's PSAT tags or their data. Discussions of use and results from Microwave Telemetry tags are 
inferred from investigation of their website and published literature. 

2.1 Wildlife Computers (www.wildlifecomputers.com) 

Wildlife Computers is currently producing its fifth generation of PSAT tags. The PAT 5 (also called the 
MK-I0 PAT) consists of a 21 mm diameter main body tube which houses the sensors, a rigid syntactic 
foam float which is 40 mm in diameter at its widest point, and an antenna which makes the total tag length 
about 330 mm (Figure 1). This hardware configuration weighs 75 g in air and is rated to withstand depths 
to 2000 m. It uses a lithium battery which has enough power to log data for about one year, corrode the 
metal pop-off link, and make about 15,000 32 byte transmissions over 10-14 days. The PAT 5 has 16 
megabytes of nonvolatile flash memory which retains data even if battery power runs out. The tags 
satellite transmitter generates about 0.5 W of radiated power. The tags record depth, temperature and light 
intensity. Depth and temperature sensors are calibrated to provide measurements within 1 % of accuracy 
and depth is temperature compensated. Sensor specifications are as follows: 

• Temperature is measured from -40 to +60 °C (± 0.05 0c) 

• Depth is measured from 0 to 1000 m (± 0.5 m) 

• Light level irradiance is measured at 550 nm. 

PAT tags are programmed before deployment by the user with a PC interface called PAT-Host provided by 
Wildlife Computers. They can be programmed to sample at rates ranging from numerous times per minute to 
numerous times per hour. Because the tags do not have the battery resources to transmit the entire archive of 
sampled data, data are transmitted as summaries and small samples of archival data. The tag can be 
programmed to summarise temperature and depth data into 1-24 hour periods which are distributed through 
14 bin ranges, small samples of individual temperature and depth data, and light level data. 

Because the tag has no way of knowing if satellites are in view of their transmissions, PAT tags randomly 
select data for transmission. This is supposed to increase the likelihood that all data will be transmitted to 
satellites, because, theoretically, blocks of data transmitted in the sequence in which they are recorded are 
more likely to leave gaps in records received by the satellites. It also results in some data being received by 
the satellites in duplicate and other data not being received at all. 

2.2 Microwave Telemetry (www.microwavetelemetry.com) 

Microwave Telemetry produces two models of PSATs. Both weigh 65-68 g in air, are 337 mm long, 
including the tag body and antenna, and a float which is 40 mm in diameter at its widest point, and are rated to 
withstand depths down to 2000 m. The tags duty cycle transmissions to maximise the amount of data 
transmitted while the satellite is predicted to be within reception range. Their tags record temperature (± 0.17 
DC), depth (± 5.4 m), and light intensity. 

The PTT -100 stores and transmits hourly measurement of depth and temperature data as well as ambient light 
level measurements used for light level geolocation. It is designed for extended deployments of up to a year. 
The PTT -100 HR (high rate) records raw temperature and depth data every 1 - 6 minutes as well as light level 
measurements and transmits these raw data to satellites. It returns higher resolution data than the PTT -100 and 
is designed for shorter term deployments of up to 36 days. 
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3. PSATDATA 

3.1 PAT tags 

PAT tags can be set up to sample parameters every 1 - 255 seconds. The rate at which the tag is set up to 
sample and store archival data depends upon the intended tag deployment period. Memory allocation setting 
should be checked to ensure there is enough memory to store data at the frequency desired for the duration of 
deployment. These data are permanently stored in the memory, and can be downloaded if the tag is recovered. 

PAT tags transmit blocks of randomly selected binary data to Argos satellites until the battery fails. The 
amount of transmitted PSAT data actually received by Argos satellites will vary with the location from where 
the tag is transmitting. When transmitting from mid-latitudes such as New Zealand one can expect to receive 
1100 - 1300 kb of data from PAT tags, but from tropical latitudes 800-1000 kb is typical. PAT data are 
transmitted in three different formats, proportions of time at temperature and depth, individual temperature at 
depth measurements used to reconstruct the water column, and dawn/dusk light curves used to estimate 
geolocation periodically. The proportion of summarised data received by Argos depends on how many bins 
are created and the transmission priorities set by the user before deployment. The number of possible bins can 
be calculated by multiplying the number of summary bins created each day by the number of days the PSAT 
tag is programmed to record data. For example, if a PSAT tag is programmed to record data for 30 days, and 
summarise data into 6 hour bins during that period, a total of 120 summary bins will be created by the tag (i.e. 
4 daily time bins multiplied by 30 days gives 120 bins). With that, 120 bins would be created in each of the 
proportions of time at temperature and depth data, as well as PDT (profile of depth and temperature) data. 
Data transmission priorities set during PAT pre-deployment programming affect the frequency of data 
transmitted to satellites. Users define which messages they wish to be transmitted at the highest priority (i.e. 
greatest frequency). Transmission priority parameters are called High, Medium, Low, or None, which 
translates to three, two, one, or no consecutive messages transmitted respectively. For example, if 
transmission priorities for proportions of temperature and depth data are High, priority for PDTs is Medium, 
and priority for light level curves is Low, the tag will transmit three messages of proportion of time at 
temperature and depth, followed by two consecutive PDT messages, followed by one light level curve 
message. PAT tags also transmit a tag status message every 20th message which provides information about 
the performance of the tag and the environment it is transmitting from. Included in status messages are tag 
diagnostics such as battery voltage readings, counts of the number of transmissions made, ambient (water) 
temperature during transmission, length of time it took to corrode the linkage pin, as well as final date, time, 
and depth before pin corrosion initiated which are useful indicators of possible premature tag release due to 
animal mortality or attachment failure. 

Wildlife Computers provides users of their tags with data management and data analysis packages which 
can be downloaded from their website. A proprietary data managing program called SatPak2003 takes raw 
data files from Argos and inserts them into an MS-Access database which automatically exports into MS
Excel spreadsheets. Four data management spreadsheets are created: proportions of time at temperature 
and depth, PDTs, Argos locations of the transmitter while it is active, and tag status messages. This 
functions as a database where portions of data from many tags (PSAT, SPOT, etc) are stored together. 
Another series of proprietary programs translates raw Argos data into formats for data analysis. First raw 
data are processed by Wildlife Computers software called PAT -Decoder which converts Argos binary data 
into a proprietary format. These data are subsequently processed using another proprietary program, called 
WC-AMP, which inserts time at temperature, time at depth, and PDT data into a MS-Excel template. 
Time at temperature, time at depth and PDT data at this stage are ready for analysis. However, light level 
data requires further processing using the manufacturer's program, called WC-GPE, before light level 
geolocation estimates are inserted into the MS-Excel spreadsheet template. Raw light level data are 
processed using WC-AMP which configures light level data for input into WC-GPE, a graphic interface 
that allows the user to view light curves (Figure 2). At this stage the user makes decisions about which 
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light level curves are acceptable for geolocation analysis and which should be rejected. Once light curves 
are evaluated the accepted light level curves are used to estimate geolocations using published algorithms 
(Hill 1994, Hill & Braun 2001) and the resulting geolocation estimates are then inserted into the MS-Excel 
spreadsheet which contains depth and temperature data. Rejected light level curves are not used in 
geolocation estimation, but remain available for subsequent investigation if one decides to re-evaluate 
them. Analysis of geolocation data is discussed in depth in Section 6. 

3.2 Microwave Telemetry tags 

As in Section 2.2 the two models of PTT tags sample and transmit data differently, based on how they are 
designed to be deployed. PTT -100 HR tags sample data every 1 - 6 minutes and transmit these relatively 
high frequency raw data to satellites. PTT -100 tags sample data once every hour, and transmit these lower 
frequency data. 

In the absence of first hand experience with PTT -100 tags it was not possible to assess details of how data 
are transmitted, processed, and translated to be made ready for analysis. However, post-processing 
software from the manufacturer would be required to translate raw binary data transmitted by Argos 
satellites into formats for analysis. Apparently, light level geolocations are estimated by the manufacturer 
using proprietary astronomical algorithms derived from the US Naval Observatory. I understand that the 
tag manufacturer analyses light level data for tag users and provides the geolocation estimates to users. 

4. ANALYSIS OF TRANSMITTED DEPTH AND TEMPERATURE DATA 

4.1 PAT tags 

4.1.1 Histogram data 

After data translation software decodes raw Argos messages, transmitted histogram data or the proportions 
of time spent at temperature and depth are inserted into spreadsheets. These data will appear as the 
proportion of time spent within the user specified parameter range (or bin) within the user specified 
summary period. For example, data might indicate from 0000 to 0600 hours GMT on 12 May 2003, the 
tagged animal spent 57% of its time in 0 - 5 m depth and 48% of its time in 20 - 21°C, and so on for all of 
the summary bins specified when the tag was programmed in pre-deployment. However, it is unlikely that 
all summary time periods possible during deployment would have been received by satellites. So if only 
75% of possible bins are received by the satellite, data analysis should weight the proportion of possible 
data that is actually represented in the received record. If the histogram data are averaged, one must also 
keep in mind that this effectively averages data that are already averaged. Statistical measures of variance 
such as standard error of the mean (± S.E.M.) should be used when averaging these data to represent the 
degree of uncertainty in averaged data. 

4.1.2 PDTs 

PAT tags transmit eight individual measurements of temperature and depth within each specified summary 
time period. Individual measurements are selected from the range of depths (i.e. minimum and maximum) 
sampled during that time period and six other readings in between for each summary time interval. For 
example, if the tag was programmed to summarize data into six hour bins, PDT's will be transmitted as eight 

8 



individual measurements of simultaneously measured temperature and depth taken during a particular six 
hour summary period. The method of sampling PDT's is implemented by a manufacturer algorithm on the 
tag. I understand the way the algorithm takes the average temperature (i.e. 22.2 °c and 15.6 0c) at the 
max/min depth (i.e. 0 m and 100m) over a defined summary period (i.e. six hours), and then selects a 
distribution of six depths between the range (i.e. 4 m, 26 m, 36 m, 48 m, 68 m, 88 m) in which water 
temperatures at those depths are averaged (i.e. 22.2 DC, 22.1 DC, 21.2 DC, 20.0 DC, 18.0 DC, 16.2 0c) during that 
summary period. The PDT algorithm is weighted such that changes in temperature within the sampled water 
column (i.e. the thermocline) are represented. An example of a PDT as it is plotted by the Excel template is 
provided in Figure 3. An example of how this information can be displayed as a continuous profile of the 
water column over the duration of a tag deployment is provided in Figure 4 which was created using the 
programming language 'R' and was described in Weng et al.(2005). Features of the water column such as the 
mixed layer and thermocline can be identified with these plots. 

4.2 PTT -100 tags 

Like PAT data, it is likely that there will gaps in received data from PTT tags. During analysis, the amount 
of data represented in the data set should be weighted by the amount of data which was sampled during 
the deployment duration. When averaging the data, statistical measures of variance such as standard error 
of the mean (± S.E.M.) should be used. Wilson et al. (2005) used contour plots to represent the entire 
temporal temperature and depth records of PTT -100 data, as well as bar graphs representing the 
percentage of time at depth and temperature. Kerstetter et al. (2004) used the higher resolution data from 
PTT -100 HR tags to represent features within the water column, somewhat analogous with PDTs from 
PAT tags. 

4.3 Temperature and depth measurement error and bias 

Archival data sampling frequency will affect how accurately PSAT data represent changes in tagged animal 
behaviour. If a tag samples data every few seconds, it would be expected to capture most of the changes in 
animal behaviour, and transmitted data summaries should accurately reflect the behaviour of the animal. 
However, with decreasing sampling rates comes increasing uncertainty that the data captured any rapid 
changes in animal behaviour. PAT tags can sample archival data very frequently (every second if desired), so 
PAT data should be accurate representations of the animal's behaviour. PTT-lOO data are sampled 
infrequently (once per hour), and it is highly likely that the tagged animal would experience a wide range 
of temperatures and depths between the one hour sampling intervals. This would strongly bias data 
towards the most commonly experienced temperatures and depths and preclude the ability to identify fine 
scale temporal or animal behavioural trends. For example, if an animal actually spends 75% of its time in 
the warmest top 50m of water, and 25% of its time deeper than that, a low sampling frequency would 
mostly capture temperatures and depths in the top 50m, and would usually fail to capture the 25% spent at 
different depths and temperatures. PTT -100 HR tags archive and transmit instantaneous depth and 
temperature readings which are sampled and archived every 1 - 6 minutes, so the magnitude of biases 
would be much less than in PTT -100 data. 

PAT 2.x and earlier versions had temperature sensors embedded within the core of the tag body. As a result, 
thermal inertia, or a time lag to change from one temperature to another, was significant. Teo et al. (2004) 
determined that the time needed for a PAT 2.0 tag to record a 63% change in temperature for a step 
change from 25 DC to 10 DC was 93 ± 4.0 seconds. This would be particularly significant as the tagged 
animal moves vertically through the water column, where the water temperature within the thermocline 
changes rapidly. This known constant is useful during analysis of data from this generation of PAT tags 
and could be used to correct the data. It would be simplest to apply these corrections to archival data, but 
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post-processing software from the manufacturer also indicates maximum and minimum temperatures 
measured at depth by the tag. The differences in the maximum and minimum temperatures within depth 
ranges are useful for determining if the tag was at constant temperature long enough to record an accurate 
temperature. However, with PAT tags produced after the 2.x generation the temperature sensors were 
placed at the edge of the tags body, enabling much more rapid adjustment to temperature. To verify sensor 
accuracy, PSAT tag's can be temperature calibrated before deployment. Temperature recorded by PSAT 
tags could be compared with an accurate reference thermometer over a range of temperatures which could 
be experienced by the tagged animal (1-30 QC). The reference temperatures could be used to create a 
calibration curve to correct for measurement errors. I have not encountered significant differences 
between PAT and reference temperatures during calibration assessments in the past. With the thermal 
inertia issues of early PAT generations being resolved, temperature sensor performance has not been a 
concern. Pressure sensors are temperature compensated to adjust for the effects of different temperatures 
on pressure readings. However, drift in pressure sensor calibration can still occur, and PAT tags include an 
offset for sensor drift which corrects the data before transmitting them. PTT -100 tags probably correct for 
pressure sensor drift in similar ways. No indications of the nature and magnitude of possible thermal 
inertia in PTT tags were found in the review of published literature. 

5. GEOLOCATION 

Geolocating submerged animals from measurements of light levels has been the focus of much recent 
research. Measurements of light intensity changes during dawn and dusk can be translated into 
approximations of latitude and longitude. Several different approaches for using light decay curves to 
approximate longitude and latitude are currently used. Light-based geolocation estimates can be further 
refined using statistical models and by cross-referencing parameters measured by the tags with geo
referenced databases of those parameters. Cross referencing of SSTs measured by PSAT tags with those 
from satellites is the most commonly used method for pelagic species, but referencing bathymetric depths 
is also used for demersal species. 

5.1 Light level geolocation 

Musyl et al. (2001) evaluated three light level geolocation methods using data collected with IATs from two 
manufacturers (Wildlife Computers and Northwest Marine Technologies). The data were collected from tags 
that were fixed to stationary buoys at different depths. Sections 5.1.1, 5.1.2, and 5.1.3 are based on reviews of 
these methods by Musyl et al. (2001). The theoretical limit of longitude accuracy is ± 0.32 0, and remains 
constant throughout the year and at all latitudes provided dawn and dusk are apparent. The theoretical 
limit oflight level latitude accuracy is 0.7 0 but this is subject to several sources of variance and maximum 
accuracy is seldom achieved (Hill & Braun 2001). 

5.1.1 Fixed-reference light method 

This method was developed by CSIRO Marine Research (Hobart, Tasmania, Australia) and was based on 
techniques described by Neilsen (1963) and Wilson et al. (1992). It uses a reference light level, which is 
defmed as the zenith angle (the angle between the horizon and the centre of the sun) to defme dawn and dusk. 
Dawn and dusk are defined as the periods when light levels were changing most rapidly. A second order 
polynomial is fitted to light data over twilight periods, and the equation of this polynomial changes each day 
with respect to the reference light level. Musyl et al. (2001) noted that this method requires that light level 
readings be corrected for light attenuation at depth, and that variability in light sensor performance between 
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tags means that light attenuation coefficients should be generated for individual tags as opposed to assuming a 
constant attenuation coefficient for all tags. 

5.1.2 Variable-reference light level method 

This method was developed by Welch & Eveson (1999). It is similar to the fixed-reference light level method 
(Section 5.1.1), but varies in that reference light levels are independently estimated each day by taking 70% of 
the day's average mid-day light level. A fourth order polynomial is fitted to the sunlight versus time over 
twilight periods for each day. Musyl et al. (2001) found that correcting for light attenuation at depth did not 
significantly improve location estimates, and therefore did not incorporate this step in their evaluation. 

5.1.3 Dawn and dusk symmetry method 

The dawn and dusk symmetry method was developed at Wildlife Computers and is implemented in their light 
level geolocation software (Hill 1994, Hill & Braun 2001). Longitude is determined by finding the time of 
noon or midnight such that dawn and dusk curves are maximally symmetrical, which allows for minor 
deviations in light intensity due to cloud cover between twilight periods. Latitude is calculated by estimating 
day-length using smooth sloping light level curves from near the beginning of the tag's deployment to 
calibrate subsequent latitude estimates. This method avoids problems with matching reference light levels to 
potentially spurious data measured from tags by using the entire light level curve over dawn/dusk periods. 

5.2 Kalman filter 

5.2.1 KF-Track 

The state-space Kalman filter adapted by Sibert et al. (2003) employs an advection-diffusion model to 
describe animal movement through space and time. It is a statistical model with an equation describing the 
transition of the system from one state to another, another equation describing the errors in the process 
measuring the system, and a series of recursive relations which update the state of the system and 
associated errors through time. It is implemented using the 'R' statistical environment as a package called 
'KF-Track' which assumes a maximum rate of daily movement, and describes the animal's track as a 
biased random walk. The model assumes a maximum daily displacement for the tagged animal, and 
weighs light level measurement error against changes in animal movement rates to produce a most 
probable track estimate. The model can be calibrated at the start and end of the track by using known tag 
deployment and pop-off (or tag recovery) locations. Uncertainty in estimated tracks becomes greater as 
the track moves away from known points. As a result, the greatest uncertainty will occur in the middle of 
the track when furthest away from known points. It assumes that longitude error remains constant 
throughout the track regardless of time of year or true position. It can be configured with three different 
variance structures termed 'Uniform', 'Solstice', and 'Daily'. Uniform variance assumes the average 
latitude error remains constant from day to day. Solstice assumes that estimating latitudinal error is a 
function of temporal proximity to seasonal solstices with errors increasing with increasing proximity to 
seasonal equinoxes. Daily variance introduces transient deviations in latitude estimation which vary from 
day to day. 

When applied to archival datasets from tags deployed both on fixed buoys and implanted in bigeye tuna 
Sibert et al. (2003) reported that KF-Track usually estimated longitude bias and error to be less than ± 
0.20 0 and ± 0.50 0 respectively. Latitude error and bias estimates were much larger and ranged from -1.92 
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° to 4.06 ° and 0.49 ° to 7.56 ° respectively, depending on the model variance structure and peculiarities of 
different datasets. 

5.2.2 KFSST 

An upgrade ofKF-Track is a newer package in 'R' called KFSST, which uses the framework ofKF-Track 
and adds the ability to cross-reference sea surface temperature data recorded by the electronic tag with 
remotely sensed SST data (Nielsen et al. 2006). KFSST uses an SST smoothing procedure which produces 
a smoothed latitudinal SST gradient with which to compare to PSAT derived data. The smoothing 
procedure allows predictions to be made when SST data are not available (e.g. due to cloud cover). The 
model tends to place greater weight on latitude estimates derived from SST matching, particularly around 
equinoxes and equatorial locations, but does not necessarily ignore the inputs of light level latitude 
estimates. KFSST automatically downloads the corresponding SST data fields from the internet before 
proceeding with the algorithm. Two satellite-derived SST fields are referenced including fine scale 
AVHRR (0.3-0.5 °C, 9 km resolution averaged over 8 days), and meso-scale data (0.7 °C, I 0 geographic 
resolution averaged over 7 days). 

Nielsen et al. (2006) found that when KFSST was used to estimate most probable tracks from two PSAT 
tagged (PTT -100) blue sharks, the inclusion of SST reference data had little or no effect on longitude 
estimation. This is expected, given that SST tends to stratify latitudinally (not longitudinally), and this 
tendency is more pronounced by the SST smoothing procedures used. With that, the average latitudinal 
variance was reduced from 2.9 ° using raw light level data alone to 0.59 ° when incorporating the KFSST 
model in one of the blue shark tracks. This animal was swimming in a steep latitudinal gradient of sea 
temperature, which enabled significant refinements of latitude to be made. However, results from the other 
blue shark indicated a very nominal change in latitudinal variance reduction. This was due to the shark 
swimming within a much more gradual latitudinal surface water temperature gradient. The performance 
and accuracy of the model were also assessed using data from PSA T tags fixed to drifter buoys. 
Interestingly, it was found that light level longitude RMS (root mean squared) errors from two drifter 
buoys (0.31 ° and 0.15 0) were better than theoretical expectations of 0.32 o. Even more striking were the 
accuracy of latitude estimates, with RMS errors of 0.99 ° and 1.00 o. These dramatic improvements in 
geolocation error rates are impressive, but the method would still benefit from validation using data from 
tagged fish. 

5.3 SST latitude 

There are two published methods of directly estimating latitude by matching SST data from PSAT tag 
with remotely sensed data sources. Unlike KFSST they do not augment light level derived latitudes with 
SST data, instead they directly estimate latitude by matching tag and remotely sensed SST data. The 
algorithms for these latitude estimation methods have been implemented into commercially available 
software packages. 

5.3.1 Teo et al. (2004) 

Teo et al. (2004) developed a model to directly estimate latitude by matching SST data from electronic 
tags with SST data from satellites. The model operates within the 'Matlab' programming environment to 
match the surface temperature records from electronic tags to sea surface temperatures from satellites in 
order to estimate latitude along a defined longitude. 
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SST matching begins by searching along the defined longitudinal axis for the northernmost point of the 
first matching pair of reference temperatures from data derived from MODIS (moderate resolution 
imaging spectroradiometer) SST grids. The limit of the search is set by the user, and should be based on 
known or assumed maximum movement rates for the tagged animal. From the northernmost point a search 
area grid, of user defined dimensions, is framed around the point and matching SSTs are identified within 
the grid. After all matching SSTs are identified the centre of the best matching SST group is assumed to 
be the animal's mean location for the day. Three indices are used to assess the best SST best match. 

1. The first index, E Pi, is the weighted sum of the number of matching SSTs, where Pi was the 
i 

proportion of time the animal spent at the ith matching SST within the search area on a given day. The 
search area with the highest index score was considered to be where the fish was located. If the animal 
randomly searches the surface of the ocean, the SSTs that the animal spent most of its time in were 
likely to be either most common in the search area or near the animal's mean position for the day. By 
weighting the number of matching SSTs with the proportion of time the animal spent at those 
temperatures, the algorithm increased the importance of the SSTs that were more common in the area 
or were located closer to the mean position of the animal. If more than one search area had the same 
score it continued to the second index. 

2. The second index, E pNi, was the weighted sum of the number of matching pixels within the search 
1 

area, where Pi was the same as the first index and M was the number of pixels within the search area 
that had the ith matching SST. The search area with the highest score was considered to be where the 
fish was located. The number of pixels within each search area that matched a PSAT SST was first 
counted, then weighted by the proportion of time the animal spent at that SST and summed for all 
PSAT SSTs. The first index scored the proportion of time of each search area that had a matching 
SST. Assuming the animal moved in a random walk, a search area with more pixels of matching SSTs 
would have a higher probability of the animal within that search area actually experiencing those 
SSTs. This second index was only used to break ties of the first index because it would otherwise be 
biased towards search areas with only one or two matching temperatures but with a large number of 
matching pixels. If a tie occurred, it calculated the third index. 

3. The third index, E (PiB(pt)/, was the sum of squares of the difference between the proportion of 
i 

SSTs measured by the tag, Pi, and the expected proportion of SSTs in the search area, E(Pi), for all 
possible SSTs, t. The search area with the lowest score would be the area with the least difference 
between expected and measured SST distributions. Therefore, the search with the lowest score was 
considered the area where the tagged animal was located. Expected proportions of SSTs in the search 
area were based on a user defined model of the expected ocean surface sampling of the tagged animal 
within the search area. If a tie occurred again, it calculated the forth index. 

4. The fourth index was the median of the tied search areas which was considered to be where the animal 
was located. 

Teo et al. (2004) used electronic tagging data from three pelagic species in the northern hemisphere, 
including bluefin tuna, blue sharks, and salmon sharks, to assess the model's performance and validate its 
accuracy. A combination of both archival and transmitted PSAT data was obtained from the tuna, and the 
sharks carried a combination of PSAT and SPOT tags. When data from PSA T and SPOT tags were 
concurrently available from the same animal, the accuracy of locations derived from the model was 
validated. Validations of locations derived from free swimming salmon and blue sharks showed that on 
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average light level longitude RMS error was 0.89 ° and 0.55 0, and SST derived latitude was 1.47 ° and 
1.16° for salmon and blue sharks respectively. Respectively, RMS errors of light level longitude and SST 
latitude derived from bluefin tuna archival data were 0.78 ° and 0.90 0, but 1.30 ° and 1.89 ° for 
transmitted PSAT data. As expected, this indicates that light level geolocations derived from archival data 
are more accurate than those from transmitted PSAT data. Beyond these differences in archival versus 
transmitted PSAT data, the authors also found that several other factors had a significant bearing on the 
accuracy of the model. Based on simulations of different factors affecting accuracy of SST latitude 
estimation, the most significant factors included the difference between temperature measurements from 
the tag and satellites, true latitude of the tagged animal, and the accuracy of light level longitudes used as 
inputs to derive SST latitudes from. 

5.3.2 PSAT Tracker (PTIS) 

Domeier et al. (2005) developed an algorithm which also uses light level longitude estimates and SST 
matching protocols to estimate latitude, and integrates directly into a GIS. The algorithm enlists a cost 
function for determining the most likely track. The authors summarised the algorithm in five steps: 

• define satellite imagery search area 
• select input data from PSA T tag 
• select points with defined search area which best match PSAT data 
• calculate cost function for candidate points 
• sum the costs, and select points with lowest cost 

In essence, the cost factor is the difference between SSTs from the tag and the satellite and the distance 
between the estimated tag location and the eligible pixels. The model estimates the mostly likely latitude 
to be the pixel nearest to the input position which has the smallest difference between tag and satellite SST 
readings. When multiple locations are given the same cost estimate, the user makes a judgement about 
which they think is best. 

Like that of Teo et al. (2004), the algorithm also takes user inputs of SST search area limits and maximum 
animal movement velocities to bound the maximum distance between successive location estimates. The 
algorithm downloads satellite-derived SST data from three different sources including daily data from 
MODIS (moderate resolution imaging spectroradiometer) and A VHRR (advanced very high resolution 
radiometer) satellite sensors, weekly data from MODIS and A VHRR satellite sensors, and 8-day 
composite data from MCSST (multi-channel sea surface temperature). The use of remotely sensed data of 
various temporal, spatial and sensor resolutions provides SST reference data from multiple sources or 
alternative references when data are not available from one or more sensors. 

PTIS handles data formats from three archival tag manufactures, Wildlife Computers (PSATs and IATs), 
Microwave Telemetry (PSATs only), and Lotek Wireless (IATs only). The model's performance in 
estimating SST -derived latitudes was evaluated using data collected from Pacific bluefin tuna carrying 
PSAT or IA T tags from each manufacturer. Domeier et al. (2005) noted in general, that the PSA T track 
algorithm produced latitude estimates that were less 'erratic' than the latitudes estimated by the three light 
level latitude methods used by the tag manufacturers. In particular, the light level latitude estimates 
became significantly more unreliable for two months around each of the spring and autumn equinoxes. 
Aside from the latitude estimation difficulties around the equinoxes, the authors indicated light level 
latitude estimates from Lotek Wireless tags had the closest fit to PSAT tracker estimates, and that latitude 
estimates derived from transmitted Wildlife Computers PSAT data deviated the most from PSAT tracker 
estimates, with estimates from Microwave Telemetry PSAT tags falling in between. However, high 
resolution archival data were recovered from Lotek IAT tags and a Microwave Telemetry PSAT tag, 
whereas the estimates from Wildlife Computers were derived only from transmitted PSAT data. The 
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differences in light level latitude estimation variability as a function of archival vs transmitted data quality 
were not addressed. The accuracy of the model was not assessed due to the lack of concurrently collected 
location data of known accuracy (i.e. from SPOT or GPS tags) along with archival data. 

5.4 Geolocation error and bias 

5.4.1 Light level geolocation 

Bias 

Archival tag clocks often drift from true time, and the magnitude of drift usually becomes larger with 
extended deployment times. It is important to synchronise tags to a standard time source (usually GMT) via a 
website such as www.time.nist.gov. PSATs also transmit data about clock time drift over the period of tag 
deployment. This information is in turn used to correct for clock drift over the duration of the tag's 
deployment. A clock error of 1 minute equates to a 0.25 ° longitude error regardless of time of year or 
latitude. However, the same clock error equates to larger latitude error depending on time of year and 
proximity to the equator. For example at 24 ON on 1 February, a clock error of 1 minute equates to 
approximately a 1 ° latitude error which grows larger closer to the equator and around the equinoxes (Musyl 
et al. 2001). 

Measurement error 

Light attenuation can cause measurement errors in several ways, including biofouling, cloud cover, and 
animal diving behaviour. Biofouling organisms can grow on light sensors and reduce maximum light level 
readings over time. This could impair the tag's ability to accurately discern dawn and dusk. However, Musyl 
et al. (2001) determined that biofouling on the light sensors of IATs did not reduce maximum light level 
readings significantly enough to preclude identification of dawn and dusk, even in deployments up to 272 
days and they concluded that biofouling did not play a significant role in reducing light level geolocation 
accuracy in their deployments of archival tags on buoys. 

Light attenuation due to cloud cover and animal dives can also impair assessment of dawn and dusk. Wildlife 
Computers states on its website that their tags can detect dawn and dusk from depths as great as 300 m in 
clear conditions. The Wildlife Computers light level geolocation software includes compensation for variance 
in light readings from cloud cover and diving. The software also enables the user to choose light level 
longitudes with the lowest RMS error estimate. However, some pelagic species tend to spend time deeper 
than 300 m during the day and twilight periods, which can prevent the tag from identifying twilight periods 
used for calculating daylength and mid-day/mid-night. This tends to induce very large errors in geolocation 
estimates. 

Light level latitude is estimated through changes in day length which are subject to two highly significant 
sources of variance. As true position approaches the equator and the poles, daily and seasonal changes in 
day length become smaller and less pronounced. This is because dawn and dusk periods are shorter near 
the equator, and because day length is least variable from day to day. Furthermore, around the spring and 
summer equinoxes when day length is least variable, regardless of true position, latitude estimation 
becomes increasingly less accurate. 

Errors in light level latitude estimation in moving animals are inherent, and can not be overcome through 
refinements to algorithms or software. Under optimum conditions, light level latitude can not be better 
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than 0.7 ° (Hill & Braun 2001). However, Teo et al. (2004) validated light level latitude estimates from 
tagged animals and found that in practice, light level latitude varied from ± 2.56 to 9.87 0. 

5.4.2 Kalman filter 

The Kalman filter assumes that inputs oflight level longitude estimates are relatively accurate and makes only 
minor adjustments to longitude estimates. However, Kalman filtered latitude estimates derived from light 
level latitude inputs are weighted averages based on temporal proximity to equinoxes, and estimates minimise 
discrepancies between the measurement equation and the transition equation. The accuracy of Kalman filter 
location estimates will be affected by the accuracy of light level geolocation data, and animal movement rates 
used as inputs. 

5.4.3 SST latitude 

Teo et al. (2004) remarked that the algorithm used to estimate latitude may be biased towards points away 
from land. This is because the second index used to score position estimates summed the weighted number 
of pixels within the search area that matched the SSTs measured by the tag. If the search area overlapped 
land, the number of matching pixels within the search area might be fewer than if it did not overlap any 
land. One possible way to reduce this bias would be to use only the first and the third index when the 
location is likely to be near land because the first and third indices do not appear to have any bias towards 
or away from land. 

Further assessment of this method was conducted using PSAT data from the case study described in 
Section 7. The effect of temperature measurement error by a PSAT tag was investigated. Temperature 
readings from NZ03-685 were shifted ± 0.1 °c and ± 0.5 °c and rerun through the SST latitude estimation 
program. A change of 0.1 °c from the true readings of the tag shifted more than 20% of latitude estimates 
by more than 1 ° of latitude. And a change of 0.5 °c from the true readings of the tag shifted 38-74% of 
latitude estimates by more than 1 ° of latitude (Table 1.). This indicated that temperature measurement 
errors could have a significant effect on results from the model, and that thermal inertia could have a 
significant effect on latitudes estimated from SST data. 

Table 1: Effects of changing PSAT NZ03-685 SST data on latitude estimation. 

Average % shifted by 
NZ03-685 latitudinal >1 ° 
Ll Temp shift oflatitude 

(+) 0.1 DC 0.22 South 21 

(-) 0.1 DC 0.23 South 26 

(+) 0.5 DC 0.41 North 38 

(-) 0.5 DC 1.61 South 74 

PTIS probably performs similarly to the method published by Teo et al. (2004), but it seems that some 
subjective user bias might be introduced during final determination of best tracks. When multiple locations 
are scored with the same cost estimate, the user makes a judgment about which location to use. Unless there 
are guidelines for making this assessment, random error could be introduced to the final assessment. In the 
absence of validation of this method, it is not possible to know how it performs relative to other methods. 
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5.5 Conclusions on geolocation 

Ambient sunlight levels are useful starting points for estimating geolocation of submerged animals. 
Longitude in particular can be estimated with sufficient accuracy throughout the year under real field 
conditions that meaningful conclusions can be drawn about movements over daily periods. However, the 
limitations of light level latitude estimation preclude an ability to investigate latitudinal movements unless 
optimum conditions prevail throughout the record. A workshop held during an electronic tagging 
symposium in 2001 noted that a group of archival tag engineers and experienced users intend to 
eventually reach agreement on geolocation methods and their implementation, including eventual 
agreement on decision rules for outlier rejection, and ongoing research into geolocation methods 
(Metcalfe 2001). Five years later, decision rules for outlier rejects have not been published, but much 
research has advanced archival tag geolocation none the less. Until there is consensus on best practices, it 
is best to use geolocation methods that have known accuracies. 

6. PSAT PREPARATION, DEPLOYMENT, AND ANIMAL RESPONSES 

6.1 Pre-deployment tag preparation 

Anti-fouling paint applied to the tag body (excluding sensors) helps prevent bio-fouling organisms from 
growing during deployment. Light level and pressure sensors are located on the exterior of PSAT tag 
bodies, and should not be coated with anti-fouling paint as this can interfere with sensor performance. 
Temperature sensors are housed inside PSAT tags, and are not susceptible to interference from paints. 

PSAT tags are designed to be tethered from their corrosive metal pin to an anchoring system, such as an 
intramuscular dart. Two factors to consider when selecting tether material are durability and weight. The 
two most frequently used tethering materials are monofilament fishing line and metal fishing leader. 
Either material is sufficiently durable in the marine environment, but monofilament fishing line tends to 
be lighter than an equal length of metal fishing leader. If the PSAT to animal anchoring system fails and 
the completely intact tag/tether/anchor system detaches from the animal, it is important that they are still 
positively buoyant. Once they float to the surface, the tag's premature release software should detect 
attachment failure, initiate corrosion of the PSAT's metal pin, thereby dropping the anchor and tether and 
begin transmission to satellites. Metal crimping sleeves are commonly used to secure the tether to the 
PSAT tag's corrosive linkage and anchoring device. The tether and crimps can be sheathed to reduce the 
opportunity for chafing against the animal's body, and labelling the sheath with unique ID numbers and 
contact details enables the tether to double as a conventional tag which remains attached after the PSA T 
tag detaches from the animal. Electrical heat shrink tubing is good sheathing material which can be printed 
with information in case the animal is recaptured. Wildlife Computers provides a pressure-activated 
guillotine device with their PSAT tags called the RD-1800 which threads onto the tether and is designed to 
severe the tether at 1800 m depth, or before the tag descends to it's maximum rated operational depth of 
2000 m. Such depths are likely to be indicative of animal mortality in many pelagic fish species, however 
some species might descend to such depths during the course of their normal behaviour (ie. broadbill 
swordfish). The potential for a tagging subject to descend to such depths should be taken into account 
when considering whether or not to use pressure activated release devices. Domeier et al. (2003) used a 
pressure-activated guillotine made out of glass which was intended to break at depths of 350 m or greater 
during the first year of the two-year striped marlin study. Many tags fitted with the glass pressure release 
guillotine released prematurely, possibly due to glass being too fragile to withstand the stresses of being 
attached to a fish. As a result they used the RD-1500 during the second year with improved retention rates. 
Figure 1 shows how PSAT tags have been prepared for attachments to striped marlin, as described in 
Section 7. 

17 



6.2 Tag attachment system 

Researchers have had mixed success with attachment dart styles and attachment methods with pelagic 
fishes. The two most commonly used PSAT anchor materials are plastic (nylon) and metal (stainless steel 
or titanium) (see Figure 1). Anchors are designed to be inserted intramuscularly or in between the dorsal 
pterygiophores (the internal bone rays projecting ventrally from the dorsal fin rays of bony fishes). I tested 
both anchor styles on dead striped marlin dockside in New Zealand during the 2003 case study to assess 
optimum attachment location and application technique. Best placement conditions were defined as ease 
of piercing skin, and likelihood of locking in between pterygiophores. After these tests it was concluded 
that tether breaking strength and dart type were not significant factors in anchor/tag shedding in marlin 
tested at the dock. Dart placement in between the pterygiophores and associated connective tissue was the 
most critical factor in retention under strain. An advantage of commonly used nylon PSAT dart anchors 
over metal anchors is that the symmetrical cone shape of the dart head and its locking fingers enable the 
dart to be inserted securely and consistently in all orientations. Metal darts are usually shaped 
asymmetrically (similar to an arrowhead) and care must be taken to ensure the dart is inserted in the 
correct orientation to ensure optimum placement. Particularly when tagging a moving fish in moving seas, 
alongside a moving boat it can be difficult to ensure asymmetrical dart heads are implanted properly. 
However, metal dart heads might be necessary to penetrate the thick skin of sharks. 

6.3 Fish handling 

Proper handling depends on whether the animal is tagged in the water or brought on deck for the 
procedure. PSA T tags can be attached while the fish is in the water or while the fish is on deck of a boat, 
but because IA Ts are usually surgically implanted the fish must be brought onto the boat for tagging. 
Among the large pelagic species that have been successfully tagged by bringing them on the deck of a 
boat are several tuna species (Block et al. 1998a, Musyl et al. 2003), salmon sharks (Weng et al. 2005), 
and striped marlin (Sippel, unpublished data). 

When tagging proc'edures are conducted aboard a boat, the fish should be constantly irrigated with a hose 
to flush fresh sea water over its gills, and a cover over the eye helps calm the fish during the procedure 
(Figure 5). When tagging is finished, the fish should be quickly returned to the water and if possible 
revived by towing slowly (2-3 knots) alongside the boat for up to several minutes, or until it begins 
swimming under its own power. 

When tagging is done while the fish remains in the water, the configuration of the boat influences options 
for tagging procedures. Boats with stern doors and/or platforms enable water level access to the animal, 
which can make for better fish handling access, PSAT application accuracy, tissue sampling access, and 
more accurate measurements and size assessments. If the boat does not provide such easy access to the 
fish via doors or platforms, it may be best to bring the fish alongside the boat as it moves forward (2-3 
knots) (Figure 6). 

6.4 Fish responses to capture and tagging 

Many pelagic fishes are quite resilient to the rigours of being caught and tagged, and electronic tagging 
studies consistently show that pelagic teleosts and elasmobranchs can readily recover when they are 
handled properly. Factors which contribute significantly to the chances of post-release survival include 
capture method, gear type, fish size, fish condition, and species. Researchers often use recreational fishing 
boats and gear to capture fish for tagging because recreationally caught fish are generally more likely to be 
in good condition for tag and release than commercially caught fish. There are also strong indications that 
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J-hooks tend to injure fish more frequently and severely because they more often set in the gut, throat, or 
gills than circle hooks which tend to hook in the comer of the fish's jaw (Graves et al. 2002, Domeier et 
al. 2003, Horodysky & Graves 2005). 

Istiophorid billfish, tunas, and sharks have been good subjects for tagging, in part because adults within 
these groups are often large enough to carry PSA T tags for extended periods. There is no clear minimum 
fish size for PSAT tagging. However, the objectives of the tagging study will influence the selection of 
fish for tagging. For example, a short-term tag and release mortality study might be able to use smaller 
subjects for short term PSAT tagging (a week or less), while a study of species general biology over 
longer terms would likely target larger fish whose fitness is least likely to be reduced by capture and 
PSAT tagging for an extended period. Horodysky & Graves (2005) reported white marlin as small as 18 
kg (est.) surviving at least 5 days after being PSAT tagged and released during a recreational fishing 
mortality study. However, it is unknown if a fish of this size would be a suitable carrier for PSAT tags 
over a longer term, or if the fitness of such a fish would be reduced so that it does not exhibit 'normal' 
behaviour. 

Species may respond to capture and tagging in different ways. Tunas seem to recover rapidly and 
electronic tagging data suggest many spend several hours readjusting to normal diving and swimming 
behaviour (Boustany et al. 2001) before settling into patterns consistent with their longer term diving and 
swimming profiles recorded by archival tags (Block et al. 2001, Musyl et al. 2003). In contrast, PSAT 
studies seem to indicate longer recovery periods for marlin. Satellite tagged striped marlin from three 
projects conducted in and around New Zealand show they immediately, and consistently, leave the 
location they were captured and tagged. They mayor may not return to this area during the same season 
(Sippel, unpublished data). The recovery of 60 days of archival PSAT data from a New Zealand tagged 
striped marlin during 2003 provided detailed data regarding aberrant diving behaviours during the 10 days 
following tagging. During this time the marlin dove more at night and less during the day than in the 50 
days of ensuring archival data. The descents it did make during those first 10 days were restricted to the 
top 100 m of water, seldom diving into the thermocline for more than a few minutes. In the ensuing 50 
days of records, it dived below 100 m regularly during the day and stayed below the thermocline for 
extended periods occassionally. Rapid movements away from PSAT tagging locations by white and blue 
marlin as well have been observed as well (Graves et al. 2002, Kerstetter et al. 2003, Horodysky & Graves 
2005). 

6.5 Species specifics 

Istiophorid billfish, tunas, and elasmobranchs have been the most frequently PSAT tagged fish to date. 
Animal capture, handling, and tagging methods for various species within these groups of fishes are well 
established. However, light level geolocation of animals which tend to spend most daylight hours at or 
below the deep light scattering layer (about 300 m) presents challenges for data analysis and interpretation 
not typically encountered for species which spend most of their time in shallower depths during the day. 
These difficulties have been documented for bigeye tuna (Thunnus obesus)(Schaefer & Fuller 2002, Sibert 
et al. 2003), bigeye thresher sharks (Alopias superciliosus) (Weng & Block 2004) and swordfish 
(Sedberry & Loefer 2001, Takahashi et al. 2003). 

There are numerous challenges with using PSAT tags to study swordfish which are different from the 
challenges of tagging many other species. Catching them in suitable condition for tagging is often 
complicated by their aggressive nature if handled too soon after being hooked, or the likelihood of their 
being exhausted and/or injured if left online for too long. When individuals of suitable size and condition 
are brought to the boat for tagging, the next challenge can be the anatomical difference in their bodies 
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from other teleost fishes or elasmobranchs. Their body is more cartilaginous than that of most teleost 
fishes and their skin tends to be softer than elasmobranch skin, making it more difficult to set and retain 
PSAT anchors. And lastly, their natural deep diving behaviour creates challenges for light level 
geolocation data analysis and interpretation, and could possibly push the limits of a PSAT tag's maximum 
depth threshold. 

Swordfish have been successfully PSAT tagged in the Atlantic Ocean (Sedberry & Loefer 2001), and a 
single externally attached lAT also provided data from a swordfish off Japan (Takahashi et al. 2003). 
Sedberry & Loefer (2001) noted a 21 % non-reporting rate for their PSAT tags, and when those were 
added with tags which became detached due to mortality, up to 52% of tagged swordfish may have died 
after being tagged and released. That study used early generations of the Microwave Telemetry PTT -100 
tags, which were rated for depths to 650 m. The authors indicated that some of the non-reporting tags may 
have failed due to swordfish dives to depths deeper than they were rated for. Swordfish are commonly 
found in New Zealand, and both commercial and recreational vessels target them. As longliners encounter 
swordfish more frequently this could be an effective method of deploying PSA T tags on the species. Some 
recreational game-fishing captains are experienced at targeting swordfish, and their boats may have an 
advantage for tag deployment over commercial boats in that they are closer to water level, making it easier 
to attach the tags. Swordfish have been successfully tagged from a harpoon fishery (Takahashi et al. 2003) 
and there are currently efforts to deploy PSAT tags on swordfish via the surface harpoon fishery in 
California (H. Dewar, pers comm.). The absence of a similar fishery in New Zealand precludes this option 
here. 

7. PSAT case study in New Zealand 

A study initiated in 2003 used PSATs to investigate the movements and environmental preferences of 
striped marlin caught in New Zealand's recreational fishery. The project deployed PSAT tags on six 
recreationally caught striped marlin and collected PSAT data from February to June 2003. A review of 
that project will provide information about the practical application of PSAT tags on a New Zealand 
species. 

7.1 Materials and Methods 

PAT 2.5 tags from Wildlife Computers were painted with blue antifouling paint (excluding their external 
sensors; blue paint has been since replaced with black to make tags less conspicuous) and tethered to 
anchoring darts with 300 lb monofilament fishing leader. A reward message was printed on electrical heat 
shrink tubing which was shrunk over the monofilament tether. Threaded onto the monofilament was a 
pressure activated 'guillotine' provided by the manufacturer which was designed to sever the tether if the tag 
went deeper than 1500 m, or before the tag reached its maximum rated depth of 2000 m. Four metal and two 
plastic PSAT anchor darts were used for PSAT anchors (see Figure 1). 

PSAT tags were programmed to collect archival data every 60 seconds, and to average those data for 
transmission into 3, 6, or 12 hour summary bins. They were also programmed to trigger their premature 
release program if the tag remained at constant depth for 48 or 72 continuous hours, which would probably 
indicate the tagged animal died and sank to the bottom of the ocean or the tag had detached from the animal 
prematurely and floated to the surface. 

Geolocations were generated from transmitted PSAT data first by using WC-GPE to produce light level 
geolocation estimates based on the dawn and dusk symmetry method (Hill 1994, Hill & Braun 2001), which 
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were then input into KF-Track from Sibert et al. (2003). KF-Track longitudes were combined with SST data 
from PATs and satellites (MODIS) to estimate latitudes using the method described in Teo et al. (2004). 

7.2 Results 

Six striped marlin of 70-140 kg (estimated) were caught, tagged, and released during the months of 
February, March and May 2003 near North Cape or the Three Kings Islands. Each fish was given an ID 
number ofNZ03-01 to NZ03-06. Three PSAT tags transmitted on their programmed pop-off dates 30, 56, 
and 60 days post release, two tags came off prematurely and transmitted after 22 and 33 days and one tag 
did not report. Both tags attached with plastic darts remained attached for their intended periods of 30 and 
60 days, and two of the tags attached with metal darts released prematurely. It was concluded that the 
attachment failed for one tag causing it to float to the surface where the premature release program 
activated after 48 hours continuously at 0 m depth. The last subsurface depth recorded (108 m) was within 
range of the animal's normal vertical movements, indicating it was alive when the tag attachment failed. 
The last PDT records for another tag probably indicate fish mortality because the final depth (540 m) and 
temperatures (7.4 DC) recorded before floating to the surface were far outside the range of previously 
observed striped marlin behaviours. 

Light level longitudes were consistent and reliable; however latitude variance was very high, and the 
estimates were far too unreliable to be used. However, both longitudes and latitudes estimated by the Kalman 
filter were within plausible movement rates for striped marlin and within trajectories and locations expected 
for striped marlin. Raw tracks from the Kalman filter sometimes included points estimated to be on land and 
when PSAT and remotely sensed SSTs were cross referenced, some Kalman filter estimated locations were 
estimated to be in water temperatures which did not match those from the tag. Variance in estimate 
geolocations was smallest when Kalman filtered longitudes were used as inputs into the SST latitude 
estimating model (Figure 7.). The best results were obtained when the Kalman filter and SST latitude 
estimation algorithms were used because they produced position estimates with the lowest variance and used 
the power of cross-referencing temperature data from two independent sources to ensure locations were 
plausible, which thereby also eliminated the possibility of estimating points on land. 

Similar movements were observed during portions of the tracks of some fish, but common movement 
patterns were not generally evident. NZ03-1, NZ03-2 and NZ03-4 moved east from their tagging 
locations, and NZ03-2 and NZ03-4 followed similar routes to the northeastern edge of New Zealand's 
EEZ where the PSAT tag attached to NZ03-2 popped-off. NZ03-4 continued northeast before its PSAT 
tag popped off about 400 km east of the EEZ. NZ03-3 made a northerly loop before returning to within 
100km of it tagging location 56 days later. NZ03-5 moved away from New Zealand immediately after 
being tagged and its PSAT popped up on the Fiji Plateau, east of Vanuatu (Figure 8). All striped marlin 
spent more than half of their time in the top 5 m of water and less than 1 % of their time deeper than 100 m 
at night. All fish dived at least as deep as 200 m, and NZ03-4 made the deepest descent to 316 m where 
water temperature was 14.2 DC. The coolest temperature recorded was 14.0 DC (NZ03-1 and NZ03-3) and 
the warmest temperature was 29.2 DC (NZ03-5), with all fish spending at least one quarter of their time in 
20.1-24.0 DC including daily visits to water in this temperature range. 

The PSAT tag attached to NZ03-04 washed up on Noosa Beach, Australia in late 2005, 2.5 years after it 
transmitted its last data to Argos. The recovered archival data which were recorded every 60 seconds provided 
additional insight into the behaviours of one marlin. In particular, several trends were observed in the archival 
data which were not previously recognised in data transmitted by the tag. The marlin diving behaviour was 
notably different during the first days of deployment from the rest of the record, including more frequent dives 
at night than day during the initial 10 days followed by much more daytime diving than at night in the rest of 
the record. When these data are considered in concert with the immediate movements away from tagging area 
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of most satellite-tagged marlin, a strong body of evidence suggests that striped marlin take a week or more to 
settle into 'normal' behaviours after being captured. The archival data also revealed many brief bounce dives 
from the mixed layer and into the thermocline, and occasional dives for longer than an hour below the mixed 
layer (Figure 9). 

7.3 Discussion 

The deployment of PSA T tags on striped marlin near the southernmost extent of their range provided 
useful new data about their spatial and temporal movements with respect to water temperature. Analysis 
of their movements suggested they tended to move more rapidly during migrations away from New 
Zealand than when moving around the boundaries of New Zealand's territorial waters. Tagged fish did not 
spend much time near New Zealand, with most moving immediately away from their tag tagging 
locations. This was the first evidence that the capture and tagging of striped marlin might be triggering 
offshore movements, and possibly different behaviours for some time after release. It also provided some 
preliminary data for habitat standardisations for the species, indicating that the thermocline somewhat 
restricts striped marlin usage of the available water column. However, the ability of striped marlin to 
spend brief periods in colder waters was also evident, including regular forays to 200 m or deeper, with a 
maximum recorded depth of 316 m. These data suggest that cardiac and skeletal muscle physiology might 
be one of the most significant factors in determining the water temperature (and therefore depth) ranges 
most frequently occupied by the species. Furthermore, the maximum depths at which they are found is 
probably strongly influenced by their ability to see at depth, which helped explain why their depth ranges 
were deeper during daylight than at night. The study concluded that more research needs to be done to 
understand the mechanisms driving striped marlin behaviour, but that PSAT tags had made significant 
contributions towards understanding the biology of the species, which has much value to fishery 
managers. 

8. SUMMARY 

8.1 Considerations for tag deployments 

There are many factors to consider when designing PSAT programming and deployment strategies. Short 
term deployments (90 days or fewer) mean that tags can be programmed to transmit high resolution data 
summaries without sacrificing too much in proportions of data received, and are least likely to experience 
malfunctions during deployments, but obviously collect small temporal datasets. Medium term deployments 
(91-180 days) make it possible to recover high resolution data and collect larger temporal datasets than short
term tags, but the risk of malfunctions increases, and trade-offs must be made between proportions of data 
likely to be received and resolution in summary bins, and the chance of malfunctions increase. Long-term 
deployments (181-365 days) collect the largest temporal datasets, but have the greatest trade-off with 
summary bin resolution and proportions of summarized data likely to be returned, and also the greatest risk of 
malfunctions. The array of factors and possibilities are too many to be tabulated, but some important points to 
consider when using PSAT tags follow, with emphasis on PAT tags. 

1. Are study objectives to gather short, medium, or long term data? The key elements of this are: how many 
summaries will be created each day and in total over the intended deployment duration; and what data 
transmission priorities are desired? Six hour summary bins each day for a 90 day deployment will 
generate 360 possible summaries (4 summaries per day x 90 days). During tag programming, 
transmission priorities are set (High = 3 consecutive messages, Medium = 2 consecutive messages, Low = 

1 message), for histograms, PDTs, and light curves. Transmission priority settings translate to ratios of 
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data transmitted. For example, if histograms are set at high (3), PDTs at medium (2), and light curves at 
low (1), 3/6 of transmissions will be histograms, 2/6 will be PDTs, and 1/6 will be light levels. The ratio 
of data transmissions should reflect the relative importance of each data type for the study. 

2. What are the expected depth and temperature ranges of the study animal? PAT 5.0 tags allow 14 
summary bins of temperature and depth ranges. The user will probably want to bound the upper and 
lower limits of the bins to capture the range of animal behaviours, while distributing the remaining bins 
between the range to capture the highest frequency data in between. For example, PSAT studies have 
indicated that a striped marlin is likely to spend almost all of its time in the top 300-400 m of water, and 
in temperatures from 14 to 29 degrees. This informs how to set the range for the bins. However, marlin 
tend to spend most of their time in the mixed layer, so one might want to set the remaining bins for the top 
100 m where the mixed layer is likely to be within the known geographic range of marlin. However, these 
strategies would change significantly for swordfish deployments, as they spend much of their time in 
deeper and colder water, particularly at night. 

3. What are the highest frequency archival data sampling rates that can be stored during the intended 
deployment duration? Higher frequency sampling is most likely to capture rapid changes in animal 
behaviour. It is important to capture as much of the data range as possible, to ensure transmitted data 
summaries accurately portray the animal's behaviour. 

4. How will the tagged animal's behaviour impact the study? The crepuscular dives of swordfish, bigeye 
tuna and thresher sharks are likely to impair geolocation data analysis. Consider this when setting data 
transmission priorities as mentioned before. Is it worth setting a High transmission priority for light 
curves from a swordfish when those data are unlikely to be useful in analysis? How can premature tag 
detachment be identified? PSATs can detect constant depth reading for several days, which probably 
indicate that the animal either died or attachment failed. However, the constant depth reading identified 
by the tag may fall within a depth range (e.g. 0-10 m). Is the study animal likely to spend several 
continuous days in the top 10m of water, causing the premature release software to identify constant 
depth and trigger tag detachment? 

PSAT studies are expensive and costs include purchasing PSAT tags, deploying them, and analysing their 
data. There are some significant risks inherent in PSAT research as well. Even though PSA T tags have 
several fail safe mechanisms to maximise the chances of data being returned, there are still instances when 
no data are received from deployed PSAT tags. Failure of satellites to receive PSAT data could result 
from tag malfunction, manufacturing flaws, predation events, or failure to report the recapture of tagged 
animals. The striped marlin satellite tagging programme has documented the mortality of at least two 
PSAT tagged striped marlin as a result of predation. In both instances, the PSAT tag was ingested 
(probably along with its marlin host) where the tag recorded dives uncharacteristically deep for marlin 
(+700 m), where temperatures recorded were 27°C, and no ambient light records. These data suggest that 
the marlin and its tag were eaten by a warm-bodied lamnid shark which dived deep, while maintaining 
body temperatures well above ambient, before the tag was ejected and transmitted these data. Apparent 
shark predations upon PSAT tagged white marlin have been documented as well (Kerstetter et al. 2004). 
That the tags remained operational during these events is remarkable, but lead one to believe that these are 
not infrequent events, and some PSA T tags must be rendered inoperable when tagged animals are preyed 
upon. This probably explains why some tags never report any data. Periodic manufacturing defects almost 
certainly playa role in tag malfunctions too. I am aware of at least two incidents where non-reporting 
PSAT tags washed up on beaches. In both instances, archival data were stored by the tag, but none of the 
data were received by satellites. There were no definite reasons for this, but manufacturing flaws in the 
data transmitting system were suspected. 
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8.2 PSAT and tAT comparison 

There are some key differences in the use of IATs. IATs are much smaller than PSAT tags, and often 
include additional sensors to measure internal body temperature, and electrophysiological data. Their size 
means that smaller fish are suitable to carry lAT's rather than PSATs. IATs have been used to study 
juvenile tunas (Block et al. 1998a, Kitagawa et al. 2004, Domeier et al. 2005), freshwater salmonids 
(Ishida et al. 2001), and many other subjects smaller than can be PSAT tagged. The ability to use them on 
smaller subjects is a distinct advantage over currently available PSAT tags. Furthermore, their internal 
implantation means tag retention can be longer, and archival records in excess of 4 years have been 
reported (Block et al. 2005). Investigating the behaviour of an animal over many years is very useful for 
investigating intra-annual cycles of behaviour, and issues with long-term retention preclude PSAT tracks 
longer than about a year. 

Surgically implanting IATs requires that the fish be brought onto the boat for the procedure, which is a 
more delicate process than external PSAT attachment. IATs are most commonly implanted into the 
peritoneum (Block et al. 1998a), but have been implanted into the skeletal muscle of Pacific bluefin tunas 
as well (Domeier et al. 2005). Only the light stalk of an implanted IA T protrudes from the body, making 
the presence of the tag inconspicuous for those who recapture an internally tagged fish. Conventional tags 
are often attached to fish carrying IATs to identify the fish as carrying an internal electronic device. Data 
recovery rates are significantly lower than PSAT tags. With IAT studies, expected return rates need to be 
factored into study design and budgets. Species with high commercial exploitation rates, such as tunas, 
provide the best opportunity for tag recoveries. IATs tend to be cheaper than PSAT tags, but this is offset 
by the likely need to deploy more IA Ts to have reasonable chances of data return. Furthermore, it is 
unlikely that there will be any information about the survivorship of fish carrying only IATs, so it is 
generally not possible to know mortality rates of tagged fish. This issue has been addressed with double 
tagging experiments using IATs in combination with PSATs (Boustany et al. 2001). 
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FIGURES 

Figure 1: PSAT tags with antifouling paint. a, tag main body; b, location of metal 
corrosion pin; c, guillotine; d, monofilament tether covered with shrink tubing; 
e., stainless steel dart; f, plastic dart. Below, close-ups of two anchor types. 
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Figure 2: Screens hot of WC-GPE. Top panel shows light level readings taken over dawn and dusk (black 
cross symbols) and the light curve fitted to the data (red line). Below that are dates of geolocation estimates 
and data associated with those estimates. Below that are four panels. Starting at the left is a field to enter 
comments about each geolocation estimate which helps note criteria for location estimates which were 
rejected or accepted. Second from the left is a graph of the RMS error for the estimate highlighted light blue 
in the panel above. Second from the right panel allows the user to specify the tagged animal's hemisphere, if 
known. On the right is a plot of the longitude and latitudes estimated by the program with the settings chosen. 
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Figure 3: PDT record from striped marlin NZ03-685 on 11 March 2003 at 1800 hours, as plotted by the MS
Excel template generated during data processing. 
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Figure 4: Continuous PDT record through the entire tag record from striped marlin NZ03-685. One degree 
breaks in temperature are represented by isotherm lines, which are labelled on the plot_ 
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Figure 5: On deck fish handling and deployment of PSAT tag. The marlin is sitting on a padded mat, while a 
chamois is being placed over its eye, moments before an irrigation tube with a gentle flow of ambient sea 
water is inserted into it mouth to oxygenate its gills. 
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Figure 6: Harpoon style deployment of PSAT tag over the side of a boat. 
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Figure 7: Results of geolocation analysis on striped marlin NZ03-68S. White line represents light level 
longitude and latitude, yellow line represents Kalman filter longitude and latitude, blue line represents light 
level longitude and SST latitude, green line represents Kalman filter longitude combined with SST latitude. 
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Figure 8: Movements of five striped marlin (five different colours) carrying PSAT tags during 2003 overlayed 
on bathymetry. The cross hatched area represents New Zealand's EEZ. Red triangles are tag deployment 
locations, and red squares are tag pop-off locations. 
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Figure 9: A day of archival data for striped marlin NZ03-68S. 
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