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Abstract

Background Over the past 4 decades, time depth recorders (TDRs) have become an essential tool for research

into the previously unexplored diving behavior of marine organisms. Of the early TDRs invented in the 1970s,

the Kooyman-Billups TDR was the first to be placed on a free-ranging animal. This device documented behavior

for up to 2 weeks using a pressure-sensitive arm that moved an LED light across a rolling window of film, which would
later be photocopied and annotated by hand. As TDR technology advanced from film-based instruments to small
electronic tags and biotelemetry devices, comparisons of diving behavior measured by the changing devices have
been hindered by the difficulty of comparing digital and analog datasets. However, historic analog data from early
TDRs contain empirical information on the behaviors of animals that can inform modern studies. Here, we describe

a novel computational method for recovering dive records from film-based Kooyman-Billups TDRs deployed

on the Weddell seal (Leptonychotes weddellii).

Results Our recovery process involved record scanning, image processing, and bias correction. To assess the effi-
cacy of our method, we compared dive statistics from the recovered dive traces with a previous analysis of the same
records by hand in 1992, and found no large differences. Our recovery methods are published as open-source code
in an R package.

Conclusions This tool will assist in recovering dive data from historic Kooyman-Billups TDRs and from similar devices
of this time, which recorded data for at least 14 different species. Recovery of these datasets provides a unique
opportunity to examine behavioral change over decadal time scales in ecosystems experiencing direct and indirect
anthropogenic activity.
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Background

Time depth recorders (TDRs), mechanical devices that
record both time and depth, have become an indispen-
sable tool for researching the underwater behavior of
diving marine organisms [1, 2]. When initially developed
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mammal for up to 2 weeks [3]. When the animal sub-
merged, a pressure-sensitive transducer arm with a
light-emitting diode (LED) at the tip transmitted across
a moving window of film. Once recovered, the film was
developed and photocopied onto paper. These continu-
ous records were annotated by hand, a process that typi-
cally only allowed for the analysis of basic summary dive
statistics such as dive depth and duration [4]. Although
some of the first deployments occurred on Weddell seals
in the Antarctic, this device was also used to study the
diving patterns of at least 10 different species (Table 1).

The field of biologging further expanded in the 1980s
by the introduction of a recorder developed by Yasuhiko
Naito, which logged behavior using a pressure-sensitive
diamond-tipped stylus on carbon-coated paper [5]. While
mechanically similar to the Kooyman-Billups TDR, the
compact design of the Naito recorder allowed for the
observation of smaller diving species, such as seabirds
[6]. Combined, these devices informed the free-ranging
diving activities of at least 14 different species (Table 1)
and enabled comparative studies on the behaviors and
strategies of diving species around the world [7]. Of the
14 species observed using analog recording devices, 5 are
listed as vulnerable or endangered by the International
Union for Conservation of Nature (IUCN) [8]. Behavio-
ral data from these early devices provide a unique oppor-
tunity to reanalyze the diving activities of at-risk species
prior to modern conditions.

Since the invention of these early analog devices, the
miniaturization of technology has given rise to the small
digital TDRs and satellite-linked TDRs that are now
commonly used to study the behavior of cetaceans, pin-
nipeds, diving seabirds, and marine reptiles over periods

Table 1 Summary of studies that used analog dive recorders
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of months to years [22—24]. After many prototypes, the
transition to continuous digital records started occur-
ring in the late 1980s as computer chips became smaller
and more capable [25]. Once long digital records could
be captured by TDRs, computerized dive analysis pro-
grams and methods were also developed to allow the
examination of a more encompassing suite of dive met-
rics than were previously possible [26-28]. However,
this rapid development of technology created a large
divide between historic and modern dive records, in part
because historic data are not easily digitized, and there-
fore difficult to compare with newer records [2]. Never-
theless, these records hold valuable comparative datasets
from over 40 years ago, and considering notable changes
in habitats, recovery of these data would allow for more
compelling interpretations of diving behaviors over time
and across a wide range of species [29-32]. Here, we
develop a novel method to extract the data contained in
older Kooyman-Billups TDR records before they fade,
deteriorate, or are lost to time. Although the methods we
describe here are specific to the Kooyman-Billups TDR,
our methods could be applied to digitize records from
similar film-based devices of this time (Table 1).

Methods

Data acquisition

Dive records were obtained from Kooyman-Billups
TDRs that were deployed on free-ranging adult Wed-
dell seals during the austral summers of 1978, 1979, and
1981 from the McMurdo Sound, Antarctica seal popula-
tion (77°30’ S, 165° E). As initially reported in Castellini,
Davis, and Kooyman, researchers attached Kooyman—
Billups TDRs to hauled-out and non-pupping adult seals

Device Species Year IUCN listing and population trend

Kooyman-Billups TDR Northern fur seals (Callorhinus ursinus) [9] 1976 Vulnerable; decreasing
South African fur seals (Arctocephalus pusillus) [10] 1977 Least concern; increasing
Weddell seals (Leptonychotes weddellii) [4] 1977 Least concern; unknown
Antarctic fur seals (Arctocephalus gazella) [11] 1977 Least concern; decreasing
Galapagos sea lions (Zalophus wollebaeki) [12] 1980 Endangered; decreasing
Galapagos fur seals (Arctocephalus galapagoensis) [13] 1980 Endangered; decreasing
California sea lions (Zalophus californianus) [14] 1982 Least concern; increasing
Northern elephant seals (Mirounga angustirostris) [15] 1983 Least concern; increasing
South American fur seals (Arctocephalus australis) [16] 1983 Least concern; increasing
Leatherback sea turtles (Dermochelys coriacea) [17] 1984 Vulnerable; decreasing

Naito Recorder Adelie penguins (Pygoscelis adeliae) [5] 1986 Least concern; increasing
Northern elephant seals (Mirounga angustirostris) 18] 1988 Least concern; increasing
Gentoo penguins (Pygoscelis papua) [19] 1988 Least concern; stable
Macaroni penguins (Eudyptes chrysolophus) [20] 1989 Vulnerable; decreasing
Blue-eyed cormorants (Phalacrocorax atriceps) [21] 1991 Least concern; unknown
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using straps, epoxy glue, and hog rings [4]. Each seal was
released and then recaptured approximately a week later.
Following recovery of the device, the Kooyman—-Billups
TDR depth scale was calibrated by placing the device in
a pressure chamber and steadily increasing pressure to
900 pounds per square inch (psi). This calibration process
was documented on a roll of film separate from the dive
record in 1978-1979, but on the actual dive records in
1981. The film from the device was then removed, devel-
oped, and photocopied on a scroll of paper at 7 X magnifi-
cation, which created a scroll that could be up to 150 feet
long. The resulting paper record was annotated by hand
for summary dive statistics, which are reported in Castel-
lini, Davis, and Kooyman [4].

For this study, we obtained 19 of the original 34 pho-
tocopied paper records. There are 15 records that have
already been lost to time, which highlights the urgent
need for data recovery efforts. Details of each deploy-
ment are provided in the supplementary information
(Table A1), and seal IDs align with those documented in

Pressure housing
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Castellini, Davis, and Kooyman [4]. Although Kooyman—
Billups TDRs could record behavior for up to 2 weeks,
the cold Antarctic temperatures quickly depleted bat-
tery life, and records longer than 10 days were only pos-
sible by repeatedly deploying instruments on the same
individual.

Data recovery steps

Data recovery methods were needed to correct artifacts
resulting from how the inner mechanics of the Kooy-
man-Billups TDR transformed external pressure into an
image on a moving strip of film. When the animal began
diving and pressure surrounding the device increased,
the modified pressure-sensitive Bourdon tube pivoted
an LED carrying arm across the film (Fig. 1). The pivot
point of this pressure-sensitive arm was located above
the lower border of the rolling film, which produced a
characteristic left-leaning “arc” across the record during
a dive (Fig. 1). To account for variation in the film roll
speed and accurately document time across the record,
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Fig. 1 Deconstructed Kooyman-Billups TDR. Note the position of the LED light (yellow arrow) relative to the film, which pivoted and exposed
the film such that the diving behavior of the animal was recorded (bottom). The dive trace exhibits timing dots (at 12-min increments)

and the left-leaning arc
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a timing circuit was interfaced with a flashing LED light
that created a series of timing dots below the dive (Fig. 1)
[3]. Based on these characteristics, we developed a set of
eight recovery steps. All steps beyond record digitiza-
tion and image processing are fully automated in our R
package:

(1) Manual record digitization to transform the paper
record into a digital format.

(2) Image processing and automated centering of the

digitized record.

Removal of left-leaning arc.

Zero-offset correction.

X-axis transformation from position into time.

Linear interpolation to create regular date and time

series.

(7) Y-axis transformation from position into depth in
meters.

(8) Smoothing of the data to remove device noise.

Step one: record digitization

Original paper traces were digitized using a high-speed
scanner (NeuraScanner, Neuralog, Houston, TX) typi-
cally used for digitizing well log data. This device was
capable of continuously scanning long paper records
and provided a range of customizable values to capture
particularly faint or faded traces. For each record, scan-
ning threshold values were optimized in the NeuraS-
canner software (version 2017.07) and recalibrated to
factory settings with blanks to produce the clearest scan
for image processing purposes. Scans resulted in uncom-
pressed black and white image files in tagged image file
(tiff) format at 200 dots per inch resolution. Records that
lasted longer than a week were scanned in two separate
parts and stitched together using NeuraView (version
2021.08.25.1.).

Step two: image processing and record centering
All scanned record images were manually processed
using identical workflows in Image] (version 1.530) [33].
First, the scanned record was cleaned by removing stray
lines and marks present on the original film and by filling
faint or faded portions of the record that were not cleanly
captured in scanning. All corrections were completed
using the original paper record as reference. The origin
coordinates of the record were then defined in Image] as
the beginning of the dive trace when the TDR was first
turned on. Finally, the scale of the scanned record was
determined using the distance between two timing dots
on the physical record and the “set scale” tool in Image].
After the scale and origin had been set, the exact
position of the centroid of each timing dot below the
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dive trace was recorded using the measuring feature in
Image]. The resulting x (horizontal distance in cm from
origin) and y (vertical distance in cm from origin) data
for all timing dots were exported as a comma-separated
values (csv) file.

Similar methodology was used to extract the dive trace
itself from the scanned records. First, the whole record
was cleaned of stay marks using the “despeckle” feature in
Image]. Then, if the dive trace was extremely thick and/or
fuzzy, the trace was skeletonized into a single line down
the middle of the trace (see Supplementary Information)
[34]. The entire trace was then selected using the wand
tool in Image], and the x and y positions of the selection
were exported as a csv file.

The resulting two csv files (position of timing dots and
position of dive trace) were read and the data within
transformed into a uniform format using the “tidy_raw_
trace” and “tidy_raw_timedots” functions in the package,
recoverKBTDR (version 2.0; available on GitHub: https://
doi.org/https://doi.org/10.5281/zenodo.14025657), that
we developed in R (version 4.0.2) [35]. Using these func-
tions, the orientation of the record was corrected (i.e.,
fixing the default values moving in the +y direction from
decreasing to increasing) and any duplicate points intro-
duced during image processing were removed. Then, drift
in the y-offset from y=0 in each record that originated
due to shifts in alignment as the paper record was fed
into the scanner was corrected using the “center_scan”
function, which centered the y-values of the timing dots
along a user-defined horizontal line. The dive trace was
also centered by the same amount.

Step three: removal of left-leaning arc
The Kooyman-Billups TDR documented behavior using
a pressure-sensitive arm that rotated around a central
pivot point, which created a left-leaning arc across the
record. As a result of the arc, there were often two depth
(y) measurements that occurred at the same x position
during a dive: one during the descent and one during the
ascent phase of the dive (Fig. 2). To resolve this issue, the
x-values of the trace were transformed using the geom-
etry of the device and the equation of a circle. Since the
height of the arm’s pivot point (k) above the surface posi-
tion varied slightly (<1 mm) between instruments, the
exact height was calculated mathematically using the
maximum depth of a V-shaped dive as outlined in Fig. 2.
In this process, the length of the pressure-sensitive arm
(r; 21.14 cm at the scale of the photocopied record) and
the exact height of the arm’s pivot point (k) values were
then used to transform each point (x,, y,) along the dive
using the equation of a circle (Fig. 2). Using the length of
the arm and the position of the pivot point, the x-value
at the surface (x,) could be calculated. The transformed
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Xo= —\Vr2—k%+ (x; +r2 = (y: — k)

Where:

Xo= position of x at depth 0

r = constant radius of the pressure-sensitive arm
k = height of the pivot point

Xt= position of x at time t

yi= position of y at time t

New Point: | L0773

Depth =0

Fig. 2 Explanation of the equation, variables, and measurements used to correct the arc in the records. The left-leaning arc created dive points
with overlapping x-values. The final transformation of the arc using the pivot point (teal dot) results in a shifted point (x,, y,; outlined in purple), such

that the curvilinear nature of the record is removed

point became (x,, y,), which removed the curvilinear
nature of the original dive trace. The accuracy of this cor-
rection was then visually confirmed by applying the arc
correction across the entire record, verifying that the
dives were not abnormally skewed in any direction. The
“remove_arc” function within our R package automati-
cally calculated all (x,, y,) values for the dive traces.

Step four: zero-offset correction

Next, records were examined to determine if the dive
trace required zero-offset correction to adjust for drift
in the pressure reading when the Kooyman-Billups TDR
was at the surface. This correction was applied using the
“zoc” function from the package, which was modeled
after methods within the diveMove R package (version
1.6.0) [36]. This function applied a series of filters across
a rolling window (i.e., distance along the x-axis; width

of 500 data points) of the record to detect the position
of the surface [37]. After the position of the surface was
detected, the y-values of the dive trace were adjusted
accordingly. The culmination of these efforts produced a
file that contained a record that was unbiased along both
x (time) and y (psi) axes.

Step five: x-axis transformation

After correcting the left-leaning arc in the records and
performing any necessary zero-offset correction, the
“transform_x_vals” function can be used to transform
the x-axis of the dive record into time using the distance
between timing dots. The distance between each set of
timing dots was used to create a unique scale to account
for slight reduction in film speed due to colder device
temperatures. Using this scale, all points along the dive
trace were assigned a numeric value that represented
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time in minutes from the origin using the dplyr R pack-
age (version 1.0.7) [38].

Step six: linear interpolation

Although the Kooyman-Billups TDR gathered dive data
continuously, the seal often descended or ascended faster
than the LED light could document the behavior on the
film. This introduced gaps in the time series during the
descent and ascent portions of dives, which needed to be
corrected prior to dive analysis. RecoverKBTDR’s “add_
dates_times” function uses the “na.approx” function
from the zoo R package (version 1.9) to generate linearly
interpolated y-values into record gaps (Fig. 3) [39]. This
function also transformed the data into standard time
objects using the lubridate R package (version 1.7.20),
and trimmed the record to only contain data from when
the TDR was on the seal [40].

Step seven: depth transformation
For the 1981 records where the pressure calibration
curve was present with the dive trace, the y-values of
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the dive trace were transformed into depth (m) below
the surface. If the trace lacked a psi calibration curve (all
1978-1979 records), then depth was calculated using
the maximum depth value that was previously reported
for that record as the linear scale for depth [4]. All depth
transformations can be automatically applied using the
“transform_y_vals” function within the R package.

Step eight: smoothing to reduce device noise

When the seal was at or near the surface and/or hauled
out on ice, the tension on the transducer arm was less
than when the device was under pressure. In the absence
of pressure-induced tension, the transducer arm wobbled
slightly which resulted in extra noise at shallow depths
[3]. To accurately discern shallow dive behavior from
transducer noise, each record was simplified using spline
smoothing using the package’s “smooth_trace_dive” func-
tion. This function smoothed the data such that there
was low resolution when the seal was at the surface and
higher resolution when the seal was diving. To smooth
shallow noise, the caTools R package (version 1.18.2) was
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Fig. 3 Linear interpolation. Side-by-side comparison of a record before (top; raw record scan) and after (bottom; digital record after arc removal)
linear interpolation, which filled gaps in the record and created a regular time series across the record
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used to calculate mean depth along a rolling window of
the record (window width was 0.1% of the record length)
[41]. When the running mean depth was below a user-
defined threshold, then a dive was not detected and the
resolution of smoothing would decrease (knots=100,
spar value=0.8). If the running mean exceeded the user-
defined depth threshold, then a dive was detected, and
the resolution of smoothing would increase to capture
diving behavior.

To mathematically determine the best smoothing
value to employ, each dive trace was recovered 21 sepa-
rate times using spar values that ranged from 0 to 1 with
increments of 0.05 (Fig. 4). The record, when smoothed
under each spar value, was then analyzed using the dive-
Move R package at a 5-s sampling interval [36]. Then,
bottom distance (i.e., distance in meters covered dur-
ing the bottom phase of a dive) was compared among all
spar values because it is the most sensitive to changes in
smoothing penalties.

As a compromise between underfitting and overfitting
the data, the spar value midway between the minimum
bottom distance (i.e., black dashed line; d) and 0 was used
(Fig. 4c¢; red dashed line). The R package has automated
this process in the “find_best_spar” function.
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Dive analysis

The final digitized records were then analyzed using
the diveMove package in R [36]. For dive statistics, the
records were calibrated using the “calibrateDepth” func-
tion at a 5-s sampling interval and filtered to only capture
dives greater than 10 m deep to control for transducer
noise at the surface. The hand-processed dive statistics
initially reported in Castellini, Davis, and Kooyman were
not filtered by any depth or duration threshold [4]. Digi-
tal processed dives that lasted longer than 100 min, had
speeds that exceeded 5 m/s, or in sections of the record
with extreme drift or unclear behavior were excluded
from analysis.

The final dive statistics from the computer-analyzed
dives made by each individual were exported using the
“diveStats” function from the diveMove package and
compared with the values that were previously reported
on the same records [4]. For simplicity, we denoted
the average values from the 1992 analysis as “bulle-
tin” records and compared them to the “computerized”
records after data recovery. Matched pairs t-tests were
run on the seven dive parameters available in both record
sets: total number of dives in each record, depth mean,
maximum, and standard deviation, and duration mean,
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Fig. 4 Methods for determining smoothing value. The typical distribution of the change in bottom distance with increasing spar value (a; one dot
represents a single dive), with schematics illustrating the influence of spar values on two sample dives (bottom row). The spar value that minimizes
bottom distance also rounded the dives at depth (d; black dashed line). Higher spar values began merging neighboring dives (e), and lower spar
values produced “ghost wiggles”in the record (b). The median between (b) and (d) was used for spline smoothing (c)
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maximum, and standard deviation. Data were trans-
formed for normality prior to testing.

Results

This recovery process involved record scanning, digitiza-
tion, and bias correction, most of which has been auto-
mated and well documented within the recoverKBTDR
R package (Fig. 5). This method resulted in the recovery
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of 4117 dives from 19 records. Record digitization took
less than 2 h and could be replicated easily, with approxi-
mately 95% of the recovery time being image processing.
Once the digitized dive record was produced, it was pos-
sible to rerun dive analyses with different threshold set-
tings without the need to rescan the original dive trace.
Comparison of the computerized and bulletin values
revealed broad similarities and a few expected differences
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Fig.5 Summary of recovery workflow. The paper record (a) was manually scanned to create a digital image (b). The digital record was then
processed and centered in R (c), creating digital files of position along both the x and y axes in centimeters. The arc in the record was removed using
the geometry of the device and ZOC was performed (original record in black and transformed x-values in teal; d). The record was then assigned
accurate time and depth axes, and spline smoothing was performed to reduce transducer noise before analysis (teal line indicates smoothing
curve; e)
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(Fig. 6). Computerized records captured fewer dives than
the bulletin records (Fig. 6a; mean difference = — 34 dives;
tig=— 2.7; p-value=0.02), likely because shallow dives
were difficult to separate from transducer noise such that
our depth threshold was set to 10 m. The average maxi-
mum dive depths and average mean depths were similar
in both records (Fig. 6b, c). The average standard devia-
tion of dive depths was larger in the bulletin records due
to the inclusion of very short and shallow dives (Fig. 6d;
mean difference=— 13 m; t;;=— 3.2; p-value<0.01).
Dive durations were also similar between the bulletin
and computerized records. The average maximum dive
duration (i.e., the average of the single longest dive made
by each seal) and average standard deviation in dive dura-
tion determined for the computerized dive records were
slightly shorter than that reported in the bulletin (Fig. 6e:
mean difference=— 3.9 min; t;;=— 2.6; p-value=0.02;
Fig. 6g: mean difference=— 0.7 min; t;=— 2.3;
p-value=0.04). In contrast, average dive durations were
similar. These differences also reflect the absence of dives
shallower than 10 m in the computerized records.

Discussion

Here, we described a novel method for recovering dive
records from film-based Kooyman-Billups TDRs. This
process involved record scanning, image processing,
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and multiple corrections performed in R to transform
the paper record into a digital file complete with time
and depth axes. The result of our recovery method is a
continuous dive record that can be easily read into dive
analysis software. Although a well log scanner was used
to obtain images of the paper records, scanning could
also be achieved using other available sheetfed scanners.
Computerization of dive records reduced time for analy-
sis from multiple people and days to a few hours [3, 4].
Approximately 95% of this time was the manual image
processing steps (steps 1 and 2), with longer and discon-
tinuous records taking additional time to process. Once
the image was processed, the rest of the recovery process
(steps 3—8) took less than 10 min on average. In addition,
the mathematical functions developed for recovery are
automatic, reproducible, and reduce user bias and error.
These methods were also able to retain details in the dive
trace (i.e., bottom phases and dive shapes) that were pre-
viously inaccessible. While the methods we describe here
are specific to the Kooyman—Billups TDR, these methods
would only require slight modification to the arc removal
equation to recover behavioral data from studies that
employed the Naito recorder.

The comparison of dive statistics between the bulletin
and computerized records confirmed our methods pro-
duced results at least as accurate as the past, recognizing
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Fig. 6 Comparisons of computerized and bulletin dive metrics. Violin plots show the dive metrics (a—g) of the bulletin records (pink)
and computerized records (teal), with inner box plots indicating the mean and quartiles. Asterisks (¥) indicate a significant difference at a 95%

confidence interval
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that neither method produced “true” values. The small
differences in the number of dives, dive depths, and dura-
tions can largely be attributed to the fact our method
focused on recovering dives deeper than 10 m, and the
original analysis did not filter dives by depth or dura-
tion [4]. While very short and shallow dives were likely
quick exploratory dives or foraging for bald notothen
fish (Pagothenia borchgrevinki), which reside in shallow
ice crevices and are flushed out by air bubbles created
by Weddell seals, they were difficult to accurately distin-
guish from device noise [42]. Our methods also struggled
to document rapid and deep V-shaped dives that were
preceded and followed by long periods of rest at the sur-
face because spline smoothing caused the depth reading
for these dives to be biased shallow. This behavior was
rare overall, and visual inspection confirmed that deep
dives within sequences were reliably documented. While
smoothing parameters can be modified to document
these behaviors, these limitations should be considered if
these methods are applied to recover records from other
diving species. Even with these shortcomings, our statis-
tical and visual comparisons indicated that the recovery
method captured behavior well.

Digitizing data from analog devices allows us to lev-
erage modern analytical approaches to reanalyze these
records for more powerful interpretations of compara-
tive diving behaviors over time and species. As a result of
the methods described here, we now have access to digi-
tal dive profiles and bottom phase activities, which have
been used in a variety of studies to infer foraging behav-
ior [43, 44]. Recent research has evaluated dive charac-
teristics from the 1970s to 2010s to determine whether
Weddell seals are feeding on a higher volume of smaller
prey as a result of the declining abundance of a large prey
item [45]. Future research could use historic dive records
as a baseline to assess the efficacy of the 2017 Ross Sea
Marine Protection Area in providing refuge for fished
species, or whether shifting regional sea ice regimes have
affected the timing and availability of foraging opportuni-
ties [29-32].

Outside of Weddell seals, our methods present rich
opportunities to recover and reanalyze data from at least
14 other species, many of which are top predators (see
Table 1). Movements and foraging activities from top
predators have served as ecological indicators of the state
of lower trophic levels and habitat quality [46, 47]. Com-
parisons of these activities over longer timescales would
be particularly informative with many species experi-
encing accelerated rates of environmental change [48].
Trends in the percentage of the day spent foraging, trip
durations, and the frequency of dives beyond the aerobic
dive limit can reveal whether species are compensating
for changes in their environment [49, 50]. With 43% of

Page 10 of 12

species listed in Table 1 experiencing population decline,
having access to foraging behavior prior to modern con-
ditions would benefit our understanding of factors that
could be contributing to decline and guide management
decisions.

From museum collections to poems, the utility of his-
toric data has been demonstrated in a variety of stud-
ies to understand how species and their environments
have changed over time [51-53]. Some more specific
examples include using historical photographs to docu-
ment the decline of large fish, whaling logs from the early
1900s to evaluate trends in whale abundance, or the
use of Chinese poems to examine shifts in the range of
a finless porpoise [51-53]. While recovery efforts have
typically focused on tangible records such as journals or
photos, recovering data collected from older technol-
ogy is equally important. Prior to this recovery effort, 15
paper records had already been lost to time, and there are
other analog devices of this era that would benefit from
data rescue [54]. In addition, we have faced other chal-
lenges accessing older digital data due to corrupted hard
drives and disc delamination. It is absolutely critical to
not only digitize paper records as we describe here, but
also migrate digital data stored on obsolete technology to
more modern formats, such as the cloud. The loss of such
rich historical data would be a scientific tragedy.

Conclusions

Our method for recovering data from the 1970s Kooy-
man-Billups TDR provides digital access to continuous
historic dive records, which makes it possible to address
more modern questions on long-term patterns of diving
activity [26—28]. The 1970s Kooyman-Billups TDR also
greatly advanced the field of biologging technology and
was used by a plethora of studies to obtain a first look
into the diving behavior of a free-ranging organism [4,
7, 9-17]. With the significance of this device and simi-
lar ones of this time, this method will allow for access to
historic datasets for a variety of marine species for future
long-term studies on diving behavior. Considering many
organisms are experiencing alterations in their habitat,
longitudinal studies of behavior can assist in the con-
struction of effective conservation and ecosystem-based
management decisions.

Abbreviations
TDR Time depth recorder

csv Comma-separated value file

tiff Tag image file format

psi Pounds per square inch

Variables

r The length of the pressure-sensitive arm

k The height of the arm’s pivot point (k)

(x,¥)  Coordinates of a point along a dive at time t

Xo Position of x, at the surface when depth is equal to 0
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