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ABSTRACT
Over the past four decades, time depth recorders (TDRs) have become a useful
tool to research the previously unexplored diving behavior of marine organisms. Of
the early TDRs invented in the 1970’s, the Kooyman-Billups TDR (KBTDR) was the
first placed on a free-ranging diving animal and it documented behavior using a
pressure-sensitive arm that moved an LED light across a rolling window of film. With
the advancements of TDRs from film-based instruments to computerized tags and
biotelemetry devices, long-term comparisons of diving behavior have been
exceptionally difficult. Here, I described a novel computational method for recovering
dive records from film-based KBTDRs using data from the Weddell seal
(Leptonychotes weddellii). This recovery process involved record scanning, image
processing, and bias correction such that the historic data are comparable with dive
data from modern devices. The efficacy of this method was assessed through a
comparison with a previous analysis of the same records done by hand in 1992.
Following recovery, I also explored long-term changes in dive metrics and
diving patterns by comparing the 1970s records with dive data from the 2010s. I
hypothesized that seals are diving deeper, longer, exceeding their aerobic dive limit
more often, and spending more time at the bottom phase of their dive as large, energydense prey have likely become less abundant due to commercial fishing. From my
decade-to-decade comparisons on the same population of seals, I found that seals
appeared to be diving shallower in the mid/early austral summer, but deeper, longer,
and more frequently in the late austral summer. Seals also appeared to be spending a
higher percentage of their time at the bottom phase of their dive and foraging more
efficiently since the 1970s. These behavioral changes could represent a shift in
Weddell seals from the 1970s to 2010s towards foraging on a higher volume of
smaller prey items, but more data are needed to explore this possibility. Considering
climate change and other kinds of anthropogenic influence alter ecosystems over
decadal time scales, this project highlights the importance of recovering and
maintaining long-term datasets for conservation and management decisions.
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INTRODUCTION
For centuries, humans have been fascinated by the remarkable dives made by
air-breathing marine mammals (Irving, 1934; Steller, 1753). While typical humans can
barely hold their breath for a few minutes, other marine mammals routinely dive for
long periods of time and reach depths in excess of 1000 meters, well beyond the realm
of human possibility (Aoki et al., 2007; DeLong & Stewart, 1991). To understand how
animals achieve this feat, extensive research has been done on marine mammals,
ranging from cetaceans such as sperm whales (Physeter macrocephalus) and
bottlenose dolphins (Tursiops trucncatus), to pinnipeds such as northern elephant seals
(Mirounga angustirostris), harbor seals (Phoca vitulina), and crabeater seals (Lobodon
carcinophagus; Aoki et al., 2007; Burns et al., 2004; Le Boeuf et al., 1986; Mate et al.,
1995; Wilson et al., 2014). However, many diving mammals are inaccessible to
researchers for a large majority of the year and it is therefore difficult to gather a full
understanding of their annual activity budgets and diving behaviors over long time
frames.
Research conducted on Weddell seals (Leptonychotes weddellii) has made
significant contributions to our understanding of diving animals. Weddell seals are the
southernmost living mammal on the planet and live year-round on ice surrounding the
Antarctic continent. Although this species of seal lives in an environment that can be
challenging for scientists to travel to, they present an unmatched opportunity to study
the diving behavior of a marine mammal. Because there are no terrestrial predators in
the Antarctic, the seals show no fear of humans and scientists can easily approach
seals that are hauled-out on ice while causing minimal disturbance to the animal.
Additionally, limited movement among individuals from different populations and
high site fidelity to natal colonies allows scientists to observe the same individual over
multiple field seasons (Croxall & Hiby, 1983; Stirling, 1969). As a result, the
population of Weddell seals conveniently located near research stations within
McMurdo Sound in the Ross Sea, Antarctica has been the center of a famous
demographic study since the late 1960s (Siniff et al., 1977).
1
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McMurdo Sound
McMurdo Sound (77°30’S, 165°E) is a southwestern extension of the Ross Sea
and provides an abundance of habitat for ice-obligate Weddell seals. Stable shore-fast
ice (i.e., ice that is anchored to the shore) and seasonal pack ice (i.e., loose ice) is
abundant within this area, and waters reach depths of nearly 800 meters (Castellini et
al., 1992). Tidal fluctuations create large cracks at predictable locations within the
thick shore-fast ice, allowing seals to move easily between haul out sites and the
subsurface foraging grounds. Seal breeding colonies are located on the ice surface
along the edges of these cracks. Sea ice also provides important substrate for microbial
communities, and the dynamics of sea ice largely govern annual resource blooms,
irradiance, and surface mixing – making it an essential aspect of the McMurdo Sound
ecosystem (Arrigo et al., 2015; Kim et al., 2018; Thomas, 2017). Sea ice breakout
dates vary annually, but usually beings at the most northern extent of the sound in
October – November (Castellini et al., 1992). While ambient temperatures shift
seasonally, seawater temperatures around Antarctica are relatively constant year-round
at approximately -1.9°C near surface waters (Jacobs et al., 1970).
Weddell Seal Life Cycle
From occupying a high latitude environment, the life cycle of the Weddell seal
revolves around ephemeral windows of productivity. Reproductive females reach the
breeding colonies at the beginning of the summer season (~October) to give birth to a
single pup during optimal weather conditions (Stirling, 1969). Then, females support
that pup through a lactation period of approximately 6 weeks. After feeding on the
mother’s calorically dense milk, the pup nearly quadruples in weight (from 25 kg to
120 kg) while the mother loses approximately 100 kilograms despite feeding to a
limited degree during the lactation period (Tedman & Green, 1987). Towards the end
of the lactation period, females ovulate and breed with males that guard underwater
territories around mid-summer (~December). After weaning their pups, females forage
extensively to regain the mass lost during the lactation period and all seals enter a molt
(~January-February) to replace old fur (Beltran et al., 2019). As the winter season
2
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begins (~March), seals travel to more productive open waters located near nutrientdense modified circumpolar deep water and mixing zones (Goetz, 2015; Nachtsheim
et al., 2019). Although Weddell seals adhere to this general life cycle, the timing of
these events varies among populations in response to local conditions (Castellini et al.,
1992; Hadley et al., 2006; Stirling, 1969; Testa et al., 1990; Testa & Scotton, 1999).
Some females will also skip pupping during certain years (i.e., skip breeders), likely
due to a variety of environmental and genetic factors combined with the enormous
energetic cost of reproducing (Chambert et al., 2012, 2013).
Weddell Seal Diving Behavior
A significant portion of a Weddell seal’s life is spent foraging for prey
underwater. Weddell seals are accomplished divers, with a record dive depth of 904
meters and record duration of 96 minutes (Heerah et al., 2013, 2014). However, most
dives remain within their aerobic dive limit (ADL) around 20 minutes and occur at
depths approximately 150-200 meters deep (Castellini et al., 1992; Kooyman et al.,
1980). The ADL has been recognized by scientists as the duration of time a seal can
spend underwater and have the majority of the metabolic demands met by aerobic
respiration; anaerobic metabolic processes may occur, but lactic acidosis does not
(Kooyman et al., 1980). Dives that last longer than this limit result in an exponential
increase in blood lactic acid concentration (Kooyman et al., 1980). This arises because
anaerobic metabolic processes come to dominate as oxygen rich blood is shunted
away from working muscles. Increased circulating lactic acid concentrations
combined with the associated decrease in tissue pH requires a longer recovery period
at the surface to restore homeostasis before significant diving can resume (Kooyman
et al., 1980). The duration of a dive that can be supported primarily by aerobic
respiration, the ADL, varies in a predictable way based on physiological variables
(i.e., total body oxygen stores, mass, and diving metabolic rate), so the calculated
ADL (cADL = O2 stores/diving metabolic rate) is often estimated for each individual
for a more refined analysis on diving energetics (Costa et al., 2001).
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Weddell seals alter their diving behavior in response to daily, seasonal, and
annual changes in their environment. Because they are primarily visual predators,
changes in available daylight and the diel vertical migration of pelagic prey have been
found to influence the depth and frequency at which Weddell seals dive throughout the
day (Fuiman et al., 2002; Nachtsheim et al., 2019; Plötz et al., 2001). In addition to
these diurnal changes, seasonal fluctuations in diving behavior have also been
observed. Seals tend to dive to deeper and longer in the winter months than summer
months, possibly as a result of changes in energetic demand, day length, and prey
availability (Castellini et al., 1992; Goetz, 2015; Heerah et al., 2013; Shero et al.,
2018).
Foraging Behavior
Weddell seals are top predators that forage for a diverse range of Antarctic
species in the Ross Sea. They primarily feed on Antarctic silverfish (Pleuragramma
antarcticum), an abundant pelagic shoaling fish that occur at ~200 meters below the
surface (Burns et al., 1998; Castellini et al., 1992; Eastman, 1985; Fuiman et al., 2007;
Goetz et al., 2017). When pursued by Weddell seals, P. antarcticum have been
observed fleeing towards shallower depths in the water column (Fuiman et al., 2002).
Aside from the common silverfish, Weddell seals will also prey on other available
notothenioid fishes such as the epibenthic Trematomus spp., the cryopelagic
Pagothenia borchgrevinki, and invertebrates such as squid and crustaceans (Burns et
al., 1998; Goetz et al., 2017). In all, dives deeper than 50 meters have been found in
previous studies to be correlated with foraging behavior in Weddell seals (Sato et al.,
2002).
In addition to these prey items, Weddell seals also feed on Antarctic toothfish
(Dissostichus mawsoni; Ainley & Siniff, 2009; Burns et al., 1998; Kim et al., 2011;
Plötz, 1986). D. mawsoni are a slow growing species of pelagic fish with an average
weight (25 kg) that is approximately 500 times larger than that of P. antarcticum
(Ainley & Siniff, 2009; Salas et al., 2017). While juvenile D. mawsoni are often only
observed in mid-water depths, larger adults occupy a wider range of the water column
4
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after achieving neutral buoyancy following development (Ainley et al., 2016; Fuiman
et al., 2002). Previous evidence suggests there is high variation in the amount of D.
mawsoni a Weddell seal may consume, with larger individuals eating up to four D.
mawsoni over the course of three days (Goetz et al., 2017; Ponganis & Stockard,
2007). Considering Weddell seals only consume the fleshy tissue of D. mawsoni that
isn’t conserved in scat, the prevalence of this fish in the diet of the Weddell seal was
likely underestimated in early diet studies that relied solely on prey hard-part recovery
(Ainley & Siniff, 2009). However, even more recent isotopic analyses of diet suggest
that this prey item may constitute only 0.8-19.3% of their total diet (Goetz et al.,
2017).
Evolution of Time Depth Recorders
Research into the foraging behavior of Weddell seals, or any marine mammal,
would not be possible without the invention of a biologging device that could record
the behavior of a marine organism when underwater. Among the first pioneers of this
technology was Dr. Gerald “Jerry” Kooyman, who created the first time depth
recorder (TDR) out of a modified kitchen timer in 1964 (Goldbogen & Meir, 2014;
Kooyman, 1964, 2004). In the mid-1970s, the Kooyman-Billups TDR (KBTDR) was
developed, which recorded diving behavior (i.e., changes in depth over time) onto a
mechanically advancing roll of film (Kooyman et al., 1983). However, documenting
behavior on film was cumbersome, and TDRs rapidly evolved with the invention of
microprocessors, miniaturized battery stores, and refined sensors (Kooyman, 2004;
Whitford & Klimley, 2019). Now, scientists can deploy small archival TDRs which
can record months to years of data, or sophisticated satellite-linked time depth
recorders (SLTDRs), which send convenient packages of dive data from animals to
scientists using orbiting satellite systems (Table i.1). These types of tags are extremely
useful when studying the diving behavior of Weddell seals, who live year-round in the
remote waters surrounding Antarctica.
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Table i.1. Development of different biologging and biotelemetry devices since the 1960s.
Decade

1960s

Name

Dimensions

TDR

7.5cm x
7.9cm

Weight

Storage Type

Deployment Length

1400g

Archival
using smoked
glass disc

60 mins

Picture & Reference

(Kooyman, 1964); PC: G. Kooyman

1970s

KBTDR

5.3cm x
20cm

500g

Archival
using film

14 days
(Kooyman et al., 1983); PC: D. Costa

1990s

Today

Early
SLTDRs

SLTDRs

21cm x
13cm x
7cm

2800g

14.2cm x
9.8cm x
3.3cm

630g

Transmit via
ARGOS satellites

Months
(Bengtson et al., 1993); PC: J. Burns

Transmit via
ARGOS satellites

Months,
years
(Horning et al., 2019); PC: D. Costa

Today

Mini
TDRs

1.3cm x
5.7cm

12g

Archival using
microprocessors

Months,
years
(Horning et al., 2019); PC: R. Beltran
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Although the evolution of TDRs has greatly advanced our knowledge of the
underwater behavior of marine animals, new challenges emerge when attempting to
study changes in behavior over decadal time scales. Older data from early analog
TDRs that are stored on paper or film are difficult to compare with newer digitized
dive data. As a result, valuable biological information that could otherwise be used to
explore how diving behavior may have changed over the past decades remains
inaccessible.
Impact of Anthropogenic Activity
Researching changes in Weddell seal diving behavior over multiple decades
can illuminate how seals may be responding to long-term environmental perturbations.
Recent studies suggest that Antarctica has been warming three times faster than the
global average (Stammerjohn & Scambos, 2020). This warming has created high
variation in regional weather systems that influence ocean conditions and available ice
for seals to haul-out on (Kim et al., 2018; Parkinson, 2019; Stammerjohn & Scambos,
2020). Variation in ocean conditions can alter biogeochemical cycling, the timing of
annual phytoplankton blooms, and the distribution of pelagic prey species (McMahon
et al., 2019; Proffitt et al., 2007). Given the positive relationship between annual
primary production and pupping rates, changes at this trophic level are non-trivial to
Weddell seal populations (Paterson et al., 2015).
Climate change has also disturbed some of Antarctica’s ice shelves, which
results in calved icebergs that severely affect surrounding ecosystems. For example,
B15A and C16 were two large icebergs that blocked ice from receding out of
McMurdo Sound in 2001 (Kooyman et al., 2007). This created abnormally high ice
coverage within the sound for multiple years, which greatly reduced primary
production and the recruitment of emperor penguin and seal populations to essential
breeding grounds (Chambert et al., 2012; Kooyman et al., 2007). These high
disturbance environmental events are only expected to increase in frequency with
current climate projections (Chambert et al., 2012).

7
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In addition to climate change, commercial fishing is of large concern in the
Southern Ocean. While scientific fishing began in the 1972, large-scale commercial
fishing for D. mawsoni began in the 1997 in the Ross Sea (DeVries et al., 2008). This
industrial fishing reached its maturity in 2001 as the demand for “Chilean sea bass” in
restaurants grew worldwide (DeVries et al., 2008). Considering D. mawsoni are a slow
growing species and a large energy source for Weddell seals, the ecological impact of
this large-scale fishing over the past decades is of large research interest and
conservation concern (DeVries et al., 2008; Kim et al., 2011; Pinkerton et al., 2007;
Salas et al., 2017).
Thesis Overview
As outlined above, environmental conditions and prey availability within
Antarctica are undergoing large fluctuations due to direct and indirect anthropogenic
activity over the past four decades. To cope with these changes, Weddell seals likely
need to alter their diving behavior to acquire necessary energy for maintenance, and if
enough reserves are left, for reproduction (Kotler et al., 2007). However, while a
significant amount of research has been conducted on the daily and seasonal temporal
scales, little is known about how diving behavior may have changed over multiple
decades of environmental change (Castellini et al., 1992; Heerah et al., 2013;
Nachtsheim et al., 2019). Therefore, accessing and analyzing the data contained in
historic dive records from Weddell seals may provide invaluable information on how
the ecosystem may have changed in response to stressors that alter environments over
longer temporal scales (i.e., climate change and commercial fishing pressure).
This thesis compares the diving behavior of the McMurdo Sound, Antarctica
Weddell seal population using historic KBTDR dive records from 1978 – 1981 and
modern data from 2013 – 2017. The chapters are as follows:

8
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(1) Recovering historic dive traces: develop a computational method to
recover paper dive records gathered from 1978-1981 KBTDRs, such that the
data are comparable with dive records from modern TDRs.
(2) Assessing changes in dive behavior over decades: explore long-term
changes in diving behavior by comparing historic (1970s) records with
modern (2010s) dive records.
Digitizing the historic dive records allows for the first in-depth analysis of
these data using modern statistical techniques – something that was previously
impossible in their original paper format. Using the recovered historic records, it is
then possible to compare diving behavior across multiple decades. Considering the
KBTDR was one of the first biologging devices invented, I believe this is the longest
decade-to-decade comparison of diving behavior ever conducted. Investigating change
across longer temporal scales will illuminate the impact that climate change and
commercial fishing may be having on Antarctic ecosystems, which is of large interest
for ecosystem-based management decisions.

9
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CHAPTER I: RECOVERING HISTORIC DIVE RECORDS
Abstract
Over the past four decades, time depth recorders (TDRs) have become a useful
tool to research the previously unexplored diving behavior of marine organisms. Of
the early TDRs invented in the 1970’s, the Kooyman-Billups TDR (KBTDR) was the
first placed on a free-ranging animal. This device documented behavior for up to two
weeks using a pressure-sensitive arm that moved an LED light across a rolling
window of film, which could later be xeroxed and annotated by hand. With the rapid
advancements of TDRs from film-based instruments to small tags and biotelemetry
devices, long-term comparisons of diving behavior have been exceptionally difficult.
However, historic data from early TDRs contain empirical information on the
behaviors of animals before modern conditions. Here, I describe a novel
computational method for recovering dive records from film-based KBTDRs using
data from the Weddell seal (Leptonychotes weddellii). This recovery process involved
record scanning, image processing, and bias correction such that the historic data are
directly comparable with dive data from modern instruments. To assess the efficacy of
my method, I compared basic dive statistics from the recovered dive traces with a
previous analysis of the same records by hand in 1992. With my comparisons, I found
that the dive statistics were comparable, with a few anticipated differences resulting
from difficulty in distinguishing short, shallow dives from noise in the paper records.
The 1970s KBTDR was used in a variety of early studies on diving animals, and opensource methods (in the form on an R package developed here) will assist in recovering
dive data from a wide collection of organisms. In all, the recovery of historic datasets
will be absolutely crucial for elucidating the state of ecosystems in light of direct and
indirect anthropogenic activity, which alter environments over decadal time scales.
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Introduction
Time depth recorders (TDRs), or mechanical devices that record both time and
depth, have become an indispensable tool for researching the underwater behavior of
diving marine organisms (Kooyman, 1964, 2004). When initially developed in 1964,
the first TDR relied on a modified kitchen timer to record the underwater behavior of
an animal from an isolated hole for up to 60 minutes (Kooyman, 1964). By the 1970’s,
the Kooyman-Billups TDR (KBTDR) was invented, and it used a roll of film to track
the dives of a free-ranging marine mammal for up to two weeks (Kooyman et al.,
1983). This device was housed within a water-tight cylindrical tube that could be
attached to the organism (Figure 1.1). When turned on, the pressure surrounding the
device was recorded on a moving window of film using a pressure-sensitive
transducer arm. This transducer arm had a light-emitting diode (LED) at the tip, which
was exposed to the film to document diving behavior. Once recovered, the film inside
the device was developed and xeroxed on paper. These continuous records were
annotated and analyzed by hand, which typically only allowed for the analysis of basic
summary dive statistics (i.e., dive depth and duration; Castellini et al., 1992). While
initially and primarily deployed on Weddell seals in the Antarctic, these devices were
also used to study the diving patterns of a variety of species, such as leatherback sea
turtles (Dermochelys coriacea), northern elephant seals (Mirounga angustirostris), fur
seals (Arctocephalus gazella), and California sea lions (Zalophus californianus),
among others (Castellini et al., 1992; Croxall et al., 1985; Eckert et al., 1986;
Feldkamp et al., 1989; Le Boeuf et al., 1986).
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Figure 1.1. KBTDR when attached to a Weddell seal, Leptonychotes weddellii (photo
credit: Dan Costa).

Since the invention of these early analog devices, the miniaturization of
technology has given rise to the small TDRs and satellite-linked TDRs (SLTDRs) that
are commonly used today to study the behavior of cetaceans, pinnipeds, diving
seabirds, and marine reptiles (Cooke et al., 2004; Horning et al., 2019; Whitford &
Klimley, 2019). These modern biologging and biotelemetry devices can track the
behavior of an organism for months to years at a time (Horning et al., 2019). While
TDRs need to be recovered from the animal prior to data analysis, SLTDRs can
transmit dive data to scientists remotely. This can be done using either the ARGOS
polar-orbiting satellite system or GSM communication networks (Whitford &
Klimley, 2019). As TDRs have become digitized, computerized dive analysis
programs were also developed which allowed for the examination of a more
encompassing suite of dive metrics than were previously possible (Heerah et al., 2014;
Schreer & Testa, 1996; Sibly et al., 1990). However, this rapid evolution of
technology has created a large divide between historic and modern dive records
(Kooyman, 2004). Historic data are not easily digitized and the data present multiple
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issues that make long-term comparisons exceptionally challenging. It is essential to
develop contemporary tools to extract the data contained in older records before they
fade or deteriorate past the point of possible recovery.
Here, I describe a novel method I developed to recover dive data gathered from
KBTDRs using records from Weddell seals within the McMurdo Sound, Antarctica
population. This process involved record scanning of the original paper xeroxed
traces, image processing, and bias correction. The result of these methods is a
continuous and computerized dive record with dates and times that can be easily read
into modern dive analysis software, allowing for direct comparisons. To assess the
efficacy of my method, I also compared the dive statistics from my computerized data
recovery method with a previous analysis of the same records by hand (Castellini et
al., 1992). These methods will assist in uncovering rich historic datasets on a wide
range of marine species (Croxall et al., 1985; Eckert et al., 1986; Feldkamp et al.,
1989; Le Boeuf et al., 1986). As such, the analysis methods are made fully accessible
to the scientific community in the form of an open-source R package.
Methods
Data Acquisition
Dive records were obtained from KBTDRs that were deployed on free-ranging
adult Weddell seals during the austral summers of 1978, 1979, and 1981 in the
McMurdo Sound, Antarctica population (77°30’S, 165°E). Researchers attached
KBTDRs to hauled-out and non-pupping adult seals using straps, epoxy glue, and hog
rings (Castellini et al., 1992). Each seal was released and then recaptured
approximately a week later. Following recovery, the KBTDR depth scale was
calibrated by placing the KBTDR in a pressure chamber and ramping to 900 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, developed, and xeroxed on a scroll of paper at 7x magnification. The
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resulting paper record was annotated by hand for summary dive statistics, which are
reported in Castellini et al., (1992).
For this study, I obtained 19 of the original 34 original xeroxed paper records
(the rest have been lost to time; Table 1.1). Of the 19 dive records that were relocated,
eight were from 1978 (four from September, two from November, and four from
December), five were from 1979 (four from January and one from November), and six
were from 1981 (five from January, one from August). Five males and 11 females
were tagged, leaving three records where the sex of the seal was not determined.
While KBTDRs could record behavior for up to two weeks, the cold Antarctic
temperatures depleted battery life such that record length rarely exceeded 10 days. To
obtain a longer recording, traces from consecutive KBTDR deployments could be
stitched together.
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Table 1.1 All records that were used in this study, including sex, month, and year of
tag deployment, and the record length (in hours). Record length was defined as the
duration of time the KBTDR was on the seal and turned on. Dive records from the
same individual from multiple KBTDR deployments were combined for the purposes
of this table.

Seal ID
WS_01
WS_02
WS_04
WS_06
WS_08
WS_12
WS_14
WS_15
WS_16
WS_17
WS_18
WS_19
WS_20
WS_21
WS_22
WS_23
WS_24
WS_25
WS_31

Sex
M
M
F
F
F
M
M
M
F
F
F
F
F
NA
NA
F
NA
F
F

Year Month Record length (hr)
1978
9
409
1978
9
200
1978
9
245
1978
11
118
1978
11
117
1978
12
125
1978
12
71
1978
12
22
1979
12
73
1979
1
67
1979
1
170
1979
1
159
1979
1
104
1981
1
90
1981
1
190
1981
1
117
1981
1
115
1981
1
166
1981
8
420

21

Texas Tech University, EmmaLi Tsai, May 2022

Data Recovery Steps
The methods for data recovery were designed to correct artifacts resulting from
how the inner mechanics of the KBTDR transformed external pressure onto a moving
strip of film. Essentially, when the animal began diving and pressure surrounding the
device increased, the modified pressure-sensitive Bourdon tube pivoted an arm across
the film and the LED light at the end of the arm was exposed to the film (Figure 1.2).
Because the pivot point of this pressure-sensitive arm was located above the lower
border of the rolling film, this motion produced a characteristic left-leaning “arc”
across the record as the animal was diving and pressure increased (Figure 1.2). To
document time across the record, a customizable timing circuit was interfaced with a
flashing LED light that created a series of time-keeping dots below the dive trace
(Figure 1.2; Kooyman et al., 1983). From the characteristics of the device, seven main
recovery steps were constructed:
(1) Record digitization to transform the paper record into a digital format.
(2) Image processing and tidying the digitized record (i.e., scan centering and zero
offset correction).
(3) Removal of left-leaning arc.
(4) X-axis transformation from position into dates and time using the timing dots.
(5) Linear interpolation to fill gaps in the record.
(6) Y-axis transformation from position into depth in meters.
(7) Smoothing of the data to remove extra noise.
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Figure 1.2. Deconstructed KBTDR (top; photo credit: Dan Costa). Note the position of
the LED light relative to the film, which pivoted and exposed the film such that the
diving behavior of the animal was recorded (bottom). The timing dots (at 12-minute
increments) below the dive trace and the left-leaning arc are evident.

Upon completion of these steps, the final computerized record, with dates,
times, and depths, could be saved as a comma-separated values (csv) file and read into
dive analysis software.
Step One: Digitization
Original paper traces were digitized using a high-speed well log scanner
(NeuraScanner™). This device was capable of continuously scanning long records and
provided a range of customizable values to capture particularly faint or faded traces. It
also came with a suite of programs to assist with image collection. For each record,
software threshold values were optimized in NeuraScanner™ to produce the clearest
scan for image processing purposes (Version 2017.07). The scanner was recalibrated
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to factory settings with blanks to remove streaks of pigment between records. Scans
resulted in uncompressed black and white 200 dots per inch (dpi) tagged image file
format (tiff) files. Records that lasted longer than a week usually had to be scanned in
two separate parts and stitched together using NeuraView™ (Version 2021.08.25.1),
which is part of the scanner software suite.
Step Two: Image Processing
All scanned record images were processed using identical workflows in
ImageJ, which is a program that specializes in image processing (Version 1.53o;
Ferreira & Rasband, 2012). First, the scanned record was cleaned by removing stray
lines and marks that had been present on the original film and slightly filling faint
portions of the record that were not cleanly captured in scanning (i.e., faded traces)
while using the paper record as reference. The origin of the record was then defined as
the beginning of the dive trace when the TDR was first turned on. Finally, the scale of
the record was determined by using the distance between two time-keeping dots and
the “set scale” tool in ImageJ.
After the scale and origin had been set, the exact position of the centroid of
each timing dot below the dive trace was recorded using the measuring feature in
ImageJ. The resulting x (horizontal distance from origin) and y (vertical distance from
origin) data for all timing dots were exported as a csv file.
Similar methodology was used to extract the dive trace from the scanned
records. First, the whole record was cleaned using the “despeckle” feature in ImageJ,
which further removed stray particles that may not have been captured in the cleaning
process described earlier. This reduced the probability of selection errors while
recording the dive trace, but occasionally removed faint timing dots that were recorded
prior to this step. Then, if the dive trace was extremely thick and/or fuzzy (Figure A.1)
the trace was skeletonized into a single line down the middle of the trace (Abu-Ain et
al., 2013). The entire trace was then selected using the wand tool in ImageJ, and the x
and y positions of the selection were exported as a csv file.
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The resulting two csv files (position of timing dots and position of dive trace)
were combined and transformed into a uniform format using functions written in R
(Version 4.0.2; R Core Team, 2020). First, the orientation of the record was corrected
(i.e., fixing the default y-axis direction) and duplicate points were removed, as they
were errors from the image processing software. Then, drift in the y-offset from y = 0
in each record was corrected, which had been introduced by small shifts in alignment
as the paper record was fed into the scanner. To do so, the y-values of the timing dots
were centered along a user-defined horizontal line that was determined by the distance
between the dive record and timing dots on the paper record. Using the adjusted
timing dots as a guide, it was possible to also center the dive trace by the same
amount.
Next, records were examined to determine if the dive trace required zero offset
correction (ZOC) to adjust for drift in the pressure reading when the KBTDR was at
the surface (y = 0). This correction followed the methods of Luque & Fried, (2011),
which applied a series of filters across a rolling window (i.e., distance along the xaxis; width of 500 data points) of the record to detect the position of the surface. After
the position of the surface was detected, y-values were adjusted using functions
modeled after those present in the “diveMove” package (Version 1.6.0; Luque, 2007).
Two seals had dive records with significant baseline shifts and were recursively zero
offset corrected (WS_01p2 and WS_22). The culmination of these efforts produced a
file that contained a record that was unbiased along both x (time) and y (psi) axes
(Figure A.2).
Step Three: Removal of Left-Leaning Arc
The KBTDR 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 (Figure 1.3). To resolve this issue, the x-values of the trace were
transformed using the geometry of the KBTDR and the equation of a circle. For all
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KBTDRs, the length of the pressure-sensitive arm (r) was known and constant. The
height of the arm’s pivot point (k) above the surface position (determined as above)
was estimated mathematically, because there was slight (<1 mm) variation of this
value between KBTDRs. In math, the maximum depth of a V-shaped dive was
transformed in the -x direction by relating seal speed (1.1 m/s) to film rate (using local
timing dots) such that this deeper point would lie on the same circle as the starting
point of the dive (Williams et al., 2015). Using these two points and the constant
length of the arm, the center of the pivot point was then back calculated using
geometry.
The r and k values were then used to transform each point (x t, yt) along the
dive using the equation of a circle (Figure 1.3). From the position of the pivot point,
the x-value at the surface (xo) could be calculated. The transformed point became (x o,
yt), which removed the curvilinear nature of the original dive trace. The accuracy of
this correction was then visually confirmed by applying the arc correction across the
entire record, verifying that the dives were not abnormally skewed in any direction.

Figure 1.3. Explanation of the equation, variables, and measurements used to correct
the arc in the records. The final transformation of the arc results in (x o, yt), such that
the curvilinear nature of the record is removed.
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Step Four: Time Transformation
The x-axis of the dive record was transformed from distance from the origin to
time using the time-keeping dots, which were placed at a known temporal interval.
The distance (cm) and time (mins) between each timing dot were used to assign each
point along the trace a numeric value that represented time in minutes from the origin
using the “dplyr” package (Version 1.0.7; Wickham et al., 2021). This transformation
essentially used the timing dots to sort the data into different time periods, which
automatically accounted for changes in film speed due to device temperature. This
value was then transformed into standard time objects using the “lubridate” package,
and the record trimmed to only contain data from when the TDR was on the seal
(Version 1.7.20; Grolemund & Wickham, 2011).
Step Five: Linear Interpolation
Although the KBTDR 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. To resolve this issue, the
na.approx function from the “zoo” package was used generate linearly interpolated yvalues (Figure 1.4; Version 1.9; Zeileis & Grothendieck, 2005). The final product was
a continuous dive record with a more regular time series.
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Figure 1.4. Side-by-side comparison of a record (WS_31) before (top; raw record scan)
and after (bottom) arc removal and linear interpolation. Many of the paper records
contained large gaps as the seal was descending and ascending (top), which could be
resolved using linear interpolation for improved spline smoothing and dive analysis
(bottom).

Step Six: Depth Transformation
Depth was calculated in two ways, depending on whether the psi calibration
curve was included on the dive trace, or had been determined separately. For the 1981
records when the psi calibration was on the trace, the interpolated y-values were
transformed using an approach that controlled for the uneven changes in pressure with
position between different psi intervals. First, the positions of different calibration
readings were extracted to accurately align with the trace data frame after centering
the record. Using the positions of the psi readings, the y-values of the dive record were
sorted into different psi intervals and transformed using the relationship between depth
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and pressure in saltwater. If the trace lacked a psi calibration curve (all 1978 – 1979
records), then the depth of each dive was calculated by assuming that the maximum
depth previously reported for that record (from Castellini et al., 1992) was the actual
depth of the deepest digitized dive. Then, the distance between the surface and the
deepest point was used as a linear scale for depth.
Step Seven: Spline Smoothing
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 KBTDR was under pressure. In the
absence of pressure-induced tension, the transducer arm chattered slightly which
resulted in extra noise at shallow depths (Castellini, pers. comm.; Kooyman et al.,
1983). To accurately discern shallow dive behavior from transducer noise, each trace
record was simplified using spline smoothing. Spline smoothing is controlled by knots
and smoothing penalties. Knots are sections where adjacent smoothing functions join,
and the smoothing penalty controls the fit of the functions to the original data (Eilers
& Marx, 1996). In R, smoothing penalties are known as spar values (range from 0 –
1), and are an exponentially-translated version of the more common penalty, lambda
(λ; Shalizi, 2011).
In this study, the dive records were smoothed 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” package was used to calculate mean
depth along a rolling window of the record (window width was 0.1% of the record
length; Version 1.18.2; Tuszynski, 2021). 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.
Finding universal smoothing parameters to accurately capture visible diving
behavior without overfitting the data proved to be complex. Previous studies on
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flexible smoothing methods suggest that using a high number of knots and letting the
smoothing penalty control the degree of fit is the optimal approach (Perperoglou et al.,
2019). Using this framework, the number of knots was equal to 2% of the record
length, which ranged from 4000 – 15000 knots. When determining an optimal
smoothing penalty, it was found that conventional AIC and cross-validation
approaches often produced spar values that were unreasonable given the original
resolution of the record. To mathematically determine the best spar value to employ,
each trace was recovered 21 separate times using spar values that ranged from 0 to 1
with increments of 0.05. The record, when smoothed under each spar value, was then
analyzed using the “diveMove” package at a five second sampling interval (Luque,
2007). This made it possible to compare the influence of different smoothing penalties
on dive metrics. Bottom distance (i.e., distance in meters covered during the bottom
phase of a dive; measurement of wiggles) was used as the dive metric for comparisons
because it is the most sensitive to changes in smoothing penalties.
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Figure 1.5. Typical distribution of the change in bottom distance with increasing spar
value (a; each dot represents a single dive), with schematics illustrating the influence
of spar values on two sample dives (bottom). 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) as
a compromise between underfitting and overfitting the data. Plots for all records can
be found in Figure A.3.

There was a negatively skewed unimodal distribution between bottom distance
travelled and spar value (Figure 1.5a, see Figure A.3 for all records). At the spar value
that minimized average bottom distance, dives in the record were captured but
inflections in the direction of travel at the bottom of dives (i.e., wiggles) were rounded
(Figure 1.5d; black dashed line). At spar values beyond this line and closer to 1,
neighboring dives became concatenated together as surfacing periods were lost, which
resulted in abnormally high bottom distances (Figure 1.5e). Lower spar values from
this line and closer to 0 were associated with increased bottom distance because
wiggles were more likely to be documented. However, lower spar values also
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produced “ghost wiggles” that were not visually present in the original record (Figure
1.5b). 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 (Figure 1.5c; red dashed line). Once smoothed, dives within each record were
visually compared with the paper dive record to ensure that no artifacts were
produced. Following this last step, the final digitized dive record was exported as a csv
file.
Dive Analysis
The final digitized records were then analyzed using the “diveMove” package
in R (Luque, 2007). For dive statistics, the records were calibrated using the
calibrateDepth function at a five second sampling interval and filtered to only capture
dives greater than 10 meters deep to control for transducer noise at the surface. The
1992 bulletin did not filter dives by any depth or duration threshold (Castellini, pers.
comm.). Dives that lasted longer than 100 minutes, had speeds that exceeded 5 m/s,
and that were deemed to be in poor sections of the record (i.e., extreme drift or unclear
behavior) were excluded from analysis (Davis et al., 2003; Heerah et al., 2013; Shero
et al., 2018).
To ensure that the recovery methods did not introduce artifacts in the records,
the final dive statistics were exported using the diveStats function from the
“diveMove” package and compared with the values reported in (Castellini et al.,
1992). For simplicity, I denoted the average values from the 1992 analysis as
“bulletin” records and compared them to the “computerized” records after data
recovery. The bulletin records only contained basic summary dive statistics (i.e., mean
dive depth and duration across the whole record), so matched pairs t-tests were run on
seven dive parameters available in both record sets: total number of dives in each
record, maximum dive depth, mean dive depth, standard deviation of dive depth,
maximum dive duration, mean dive duration, and the standard deviation of dive
duration. For all paired comparisons, there is only one value from both the bulletin and
computerized records and data were transformed for normality prior to testing, if
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needed. Two records were excluded from some comparisons due to missing parts, and
some bulletin records lacked certain dive parameters (see Table A.1). However, with
these comparisons, it should be emphasized that neither method produced “true”
values. This comparison was rather used to ensure that the recovery process did not
introduce artifacts (i.e., abnormal values) in the original data.
Results
This recovery process was comprised of seven total steps and involved record
scanning, digitization, and bias correction (Figure 1.6). This method resulted in the
recovery of 4,117 dives from 20 records from 19 individuals from 1978, 1979, and
1981, with only 13 dives being filtered out during the processing steps (Figure 1.6).
Once the entire procedure was developed, digitization of new records took less than
two hours and could be replicated easily, with approximately 95% of the recovery
time being image processing. In addition, because this process produced a digitized
dive record with a format similar to modern records, it was possible to rerun the dive
analysis with different threshold settings without the need to rescan the original dive
trace.
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Figure 1.6. Summary of recovery workflow and steps 1-7. The paper record (a) was
scanned to create a digital image (b). The digital record was then processed and
centered (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
(original record in black and transformed x-values in red; 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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Consistent with previous literature on the diving capabilities of Weddell seals,
93.4% of dives within the computerized records were shorter than 20 minutes, which
is the approximate aerobic dive limit for adult Weddell seals (Kooyman et al., 1980).
Approximately 81.5% of dives occurred at depths that were shallower than 200
meters, 14.5% of dives occurred between 200 – 400 meters, and 4.0% of dives were
deeper than 400 meters. The deepest dive in the records was found to be 543 meters,
and the longest dive was 48.3 minutes (Table A.1).
Comparison of the computerized and bulletin values revealed broad similarities
with a few expected differences (Figure 1.7; Table A.1). Visual comparisons and
matched paired tests confirmed that the computerized records captured fewer dives
than the bulletin records (Figure 1.7; mean difference = -34 dives; df = 16; t = -2.7; pvalue = 0.02), likely because shallow dives were difficult to separate from transducer
noise. The average maximum dive depths were similar in both records (Figure 1.7b;
mean difference = -9.9 meters; df = 18; t = -1.35; p-value = 0.19), and average dive
depths were found to be slightly but not significantly deeper in the computerized
records (Figure 1.7c; mean difference = 25 meters; df = 16; t = 1.7; p-value = 0.11).
The average standard deviation of dive depths was larger in the bulletin records
(Figure 1.7d; mean difference = -13 meters; df = 15; t = -3.2; p-value < 0.01). The
absence of shallow dives from the computerized records likely contributed to these
differences, as the bulletin records were not filtered by depth or duration.
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Figure 1.7. Violin plots comparing the average dive metrics (a-g) of the bulletin
records (light pink) and computerized records (teal), with inner box plots indicating
the mean and quartiles (see Table A.1 for individual record comparisons). Asterisks
(*) indicated statistically significant difference at a 95% confidence interval.

Dive durations were also similar between the bulletin and computerized
records. Visual and paired statistical comparisons found that the average maximum
dive duration determined for the computerized dive records was slightly shorter than
that reported in the bulletin (Figure 1.7e; mean difference = -3.9 mins; df = 17; t = 2.6; p-value = 0.02). In contrast, average dive durations were slightly but not
significantly longer in the computerized records than the bulletin records (Figure 1.7f;
mean difference = 1.3 mins; df = 15; t = 2.0; p-value = 0.07). Finally, the average
standard deviation of dive durations in the bulletin records were marginally larger than
the computerized records both visually and through paired comparisons (Figure 1.7g;
mean difference = -0.7 mins; df = 15; t = -2.3; p-value = 0.04). These differences in
dive durations could likely also be explained by the removal of dives shallower than
10 meters in the computerized records.
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Discussion
Here, I described a novel method for recovering dive records from film-based
KBTDRs. This process involved record scanning, image processing, and multiple
corrections performed in R to transform the paper record into a digital file complete
with time and depth axes. The result of my recovery method is a continuous dive
record that can be easily read into dive analysis software, and there were many
advantages to this method over the previous analysis by hand. First, a large benefit
was dramatically reduced recovery time. In the past, the researchers would document
dives by hand for dive statistics. In total, the whole process involved 4–5 people and
took approximately 3–4 days to recover a single record (Castellini, pers. comm). In
comparison, these recovery methods take less than two hours and only one person to
complete. Approximately 95% of this time was image processing, with longer and
discontinuous records taking additional time to process. Once the image was
processed, the rest of the recovery process would take less than 10 minutes on
average. Additionally, the mathematical functions developed for recovery likely
reduced user bias and human error. Corrections such as ZOC were previously
performed manually, but my mathematical approach is automatic, reproducible, and
likely reduces error when pressure is transformed to depth in the records. Moreover,
these methods were able to retain exceptional detail in the dive trace (i.e., bottom
phases, dive shapes, etc.) than previously possible.
The comparison of dive statistics between the bulletin and computerized
records were similar. Small differences in the number of dives, dive depths, and
durations can largely be attributed to two things with this recovery approach. First, this
method focused on recovering dives deeper than 10 meters as to not incorrectly
capture shallow transducer noise as diving behavior. The bulletin records did not filter
dives by depth or duration because they were annotated by the inventor of the
KBTDR, who was able to discern noise from shallow diving behavior (Castellini,
pers. comm). These dives were likely quick exploratory dives or foraging for bald
notothen (Pagothenia borchgrevinki), which reside in shallow ice crevices and are
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flushed out by air bubbles created by Weddell seals (Fuiman et al., 2002). This depth
threshold likely affected some of the record-to-record comparisons, but also allowed
me to prioritize reliably capturing clear diving behavior. Secondly, these methods
struggled to document rapid and deep V-shaped dives that were preceded and
followed by long periods of rest at the surface. Spline smoothing caused the depth
reading for dives of this nature to be slightly shallower, which affected some of the
maximum depth comparisons (Table A.1). This behavior was rare in comparison to
the pool of records that were recovered, and visual inspection assured that the rest of
the dives in the record were reliably documented. However, these limitations should
be considered if these methods are applied to recover records from other diving
species.
Even with these shortcomings, my statistical and visual comparisons indicated
that the recovery method captured behavior well. This method provides digital access
to continuous historic dive records, which makes it possible to investigate more
modern questions regarding dive shapes, bout structure, and other foraging indices
(Bost et al., 2007; Heerah et al., 2019; Schreer & Testa, 1996). While this recovery
method focused on dive records gathered from Weddell seals, this method can be
applied to a variety of diving animals. The 1970’s KBTDR 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 (Castellini et al., 1992; Croxall et
al., 1985; Eckert et al., 1986; Le Boeuf et al., 1986). Given the significance of this
device at the time it was invented, this open-source data recovery method will allow
for access to rich, complete, and continuous historic datasets on an abundance of
marine species. My goal is that by providing these open-source data recovery methods
(in the form of an R package), other researchers may be able to recover historic data
for use in future long-term studies on diving animal behavior. Considering many
diving organisms are experiencing long-term alterations in their habitat due to
anthropogenic activity, recovering historic data to investigate behavior over multiple
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decades can assist in the construction of effective conservation and ecosystem-based
management decisions.
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Appendix
The methods within this manuscript were effective in recovering paper records
from KBTDRs. However, some records required unique solutions to handle
uncommon issues that were not found in a majority of the records that were recovered.
First, while most paper records had clear and accurate time dots, there were two
records from 1979 (WS_16, WS_17) where the time dots were unreliable for two
reasons: (1) glitches in the timing circuit which produced timing dots that were
inconsistent, or (2) overlap between the LED arm used to document behavior and the
flashing light that was used to record time. If the timing circuit was inaccurate, then
the record was compared to another record of similar length. Using the linear trend in
distance between timing dots, it was then possible to generate an artificial sequence of
timing dots to use for the time transformation of the corrupted record. These values
were then compared with notes left on the paper records by the 90’s team to ensure
they accurately aligned with relevant time stamps (i.e., time TDR placed on the seal
and the time it was removed). If the dive trace bled into the timing dots, then estimated
time dots were placed below the record at one-hour intervals and used for time. These
mimics methods used by the previous team for this record and did not influence scan
centering.
In addition to errors in the timing dots, some paper records contained dive
traces that were extremely thick and/or fuzzy such that finding the best spar value was
challenging. After visual assessment, the spar value was increased to lower resolution
in four records because the clarity of the original data was too poor to warrant the
higher resolution spar value that was calculated (WS_17: 0.4, WS_20: 0.4, WS_23:
0.4, WS_25: 0.3; Figure 1.5).
There were two records (WS_02, WS_31) that were not fully comparable with
the bulletin records. This is because the second half of the record has been lost to time,
or the recovery methods could document a few dives at the end of the record that were
not recorded previously. Due to this discrepancy, the number of dives, means, and
standard deviations of dive depth and durations were not included in comparisons for
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these two records. Maximum dive depths and dive durations could be included
because it was confirmed these instances occurred within the computerized record.

Table A.1. Comparisons of the computerized (C) and bulletin (B) dive metrics for
each record. Asterisks (*) indicate that the mean and standard deviation values for
these records were not included in comparisons, due to reasons described above.
Seal ID
WS_01
WS_02*
WS_04
WS_06
WS_08
WS_12
WS_14
WS_15
WS_16
WS_17
WS_18
WS_19
WS_20
WS_21
WS_22
WS_23
WS_24
WS_25
WS_31*

Source

Dives

C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B
C
B

566
722
286
544
417
419
171
159
58
213
130
193
132
137
68
130
38
83
121
112
149
181
332
308
162
180
186
188
254
284
216
236
68
83
125
146
640
440

Max
Depth (m)
543
555
319
345
458
457
523
523
387
396
421
442
490
484
231
247
392
401
233
257
362
372
397
400
367
432
253
270
477
523
390
410
274
260
288
319
482
383

Mean Depth
+/- sd (m)
142 +/- 110
133 +/- NA
82 +/- 70
76 +/- 70
85 +/- 98
83 +/- 100
276 +/- 191
235 +/- 208
271 +/- 109
85 +/- 140
338 +/- 103
247 +/- 177
243 +/- 181
223 +/- 187
107 +/- 59
76 +/- 77
202 +/- 110
103 +/- 120
46 +/- 36
50 +/- 44
69 +/- 56
57 +/- 59
68 +/- 39
64 +/- 40
68 +/- 84
93 +/- 87
99 +/- 42
97 +/- 48
116 +/- 83
142 +/- 85
119 +/- 57
144 +/- 62
135 +/- 54
122 +/- 54
144 +/- 68
143 +/- 84
88 +/- 83
138 +/- 77
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Max
Duration (min)
48
53
38
43
30
42
31
32
24
24
22
39
24
24
20
20
30
29
29
29
23
NA
20
22
26
39
19
22
33
25
21
27
22
31
30
40
29
26

Mean Duration
+/- sd (min)
11.4 +/- 8.3
11.8 +/- 7.2
11.7 +/- 7
11.3 +/- 7.7
6.9 +/- 5.4
6.9 +/- 5.7
12.3 +/- 6.5
10.5 +/- 6.9
14 +/- 5.9
5.7 +/- 6.4
16.1 +/- 4.3
13.5 +/- 7.4
11.3 +/- 5.6
10.7 +/- 8.8
10.3 +/- 5.5
6.5 +/- 6.4
12.7 +/- 7.4
6.8 +/- 7.9
9.6 +/- 5.8
9.5 +/- 6.0
11.4 +/- 5.1
NA
12.0 +/- 3.0
10.7 +/- 3.6
11.3 +/- 4.8
12.9 +/- 5.3
9.2 +/- 3.4
9.7 +/- 3.4
11.7 +/- 5.4
10.7 +/- 4.0
11.9 +/- 4.0
12.9 +/- 4.5
11.0 +/- 3.9
10.8 +/- 5.5
13.1 +/- 5.2
14.2 +/- 6.3
10.8 +/- 7.0
11.9 +/- 4.8
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Figure A.1. Example of a record before skeletonization (top) and after skeletonization
(bottom, red). In the skeletonized trace, the red lines indicate the original borders of
the trace and grey is the reduced line that was used in all subsequent analyses. This
illustrates the use of skeletonization in reducing the thickness of the record.

Figure A.2. Example of Zero Offset Correction (ZOC) performance in a record that
initially showed significant drift in surface values (top; scan of record). The lower
image shows the same record before ZOC (black) and after ZOC (teal).
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Figure A.3. Bottom distance (meters) versus spar value for all historic records. Each
dot is a single dive that was detected for that record. The color of each dot signifies the
spar value that was used for that dive, with red values indicating spar values closer to
0 and purple values indicating spar values closer to 1. Black dashed lines indicated the
spar value that minimized average bottom distance, and the dotted red line denoted the
ideal spar value that was calculated using this method. WS_01_1978p2 was a
continued record of WS_01_1978, where the KBTDR was swapped and placed on the
same individual.
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CHAPTER II: DECADE-TO-DECADE COMPARISON OF
WEDDELL SEAL DIVING BEHAVIOR
Abstract
In comparison to the rest of the globe, polar marine organisms are experiencing
accelerated rates of environmental change due to direct and indirect anthropogenic
activities. In response to these environmental changes, it is likely that animals are
modifying their diving behaviors to maximize their fitness. However, few studies have
been able to compare diving behavior at a temporal scale that is appropriate for
detecting the impacts of these long-term changes to ecosystems. Here, I compare
historic (1970s) and modern (2010s) dive records from the McMurdo Sound,
Antarctica population of Weddell seals (Leptonychotes weddellii) to assess changes in
foraging behavior and diving patterns that may have occurred in response to climate
changes and increased commercial fishing activities in their surrounding habitat. I
hypothesize that in response to commercial exploitation of large prey, Weddell seals
may have increasingly focused their foraging activities on smaller, more accessible
prey items. Comparisons revealed that seals in the 2010s were making foraging dives
that were deeper, longer, more frequent throughout the day, and exceeding their
aerobic dive limit more often in the late austral summer. Seals in the 2010s also spent
more time at the bottom phase of their dive across all depths, which suggests increased
foraging activity for shoaling fish. However, there was little difference in relative
proportion of dives of different shapes and diving patterns. These changes may
represent a shift towards feeding on a higher volume of smaller prey items, but
differences in the duration and seasonal timeframe of records between the decades
makes it difficult to reach definitive conclusions. In all, this chapter highlights both the
importance of historic datasets and the challenges in using such information when
crafting useful management plans for some of the world’s most pristine environments.

48

Texas Tech University, EmmaLi Tsai, May 2022

Introduction
Polar organisms are experiencing human-induced environmental change at a
rate that is faster than in the rest of the world (Parkinson, 2019; Stammerjohn &
Scambos, 2020). Over multiple decades, this change likely requires animals to modify
their behaviors to optimize net resource acquisition for maintenance and reproduction
(Wong & Candolin, 2015). As such, long-term trends in the behaviors of polar
organisms may reveal how animals are responding to alterations in their environment
that impact habitat suitability and food availability. Yet, because there is a general lack
of accessible historic records, evaluating the potential impact of environmental shifts
on populations has usually involved forecasting and modelling techniques that look at
what changes might be expected to occur, rather than those have already have (Beltran
et al., 2017; Salas et al., 2017). Within the marine environment, diving patterns from
marine mammals determined from computerized time depth recorders (TDRs) are
often used to indirectly infer foraging effort and success. These devices were first
deployed on freely diving Weddell seals (Leptonychotes weddellii) in 1978, and new
methods to digitize these historic records now allows these early behavioral datasets to
be directly compared to modern behaviors (Castellini et al., 1992; Tsai et al. in prep.).
Comparing historic and modern dive records can serve as empirical indicators of the
impact these long-term environmental perturbations are having on diving animals.
While there have been a number of studies on annual, seasonal, and daily
changes in diving behavior, biologging dive data has yet to be used to evaluate
behavioral changes over multiple decades (Castellini et al., 1992; Hindell et al., 1991;
Testa, 1994). Such comparisons in Weddell seals have the potential to reveal the
extent of behavioral plasticity in this species, as the region has experienced a rich
history of anthropogenic activity. This activity includes both increased fishing
pressure on a large prey species and alterations in the extent and duration of sea ice
cover, which impacts a variety of processes ranging from the timing of spring
productivity blooms to the accessibility of suitable fast-ice breeding areas (Figure 2.1;
Ainley et al., 2013; Beltran et al., 2021; Parkinson, 2019).
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Figure 2.1. Timeline of notable events within the Ross Sea, Antarctica from 1970s to
2020. Notice the history of commercial and scientific fishing for D. mawsoni and the
iceberg years (2001 – 2005), which blocked ice from receding out of the sound. The
years for the historic data in this chapter are indicated in salmon, and the modern data
in teal.

There have been two main shifts in the marine ecosystem of the Ross Sea over
the past 40 years that are likely to influence Weddell seal diving behavior. The first is
the potential ecological impact of commercial fishing for Antarctic toothfish
(Dissostichus mawsoni). D. mawsoni are a slow-growing species of large (up to 92 kg)
pelagic fish that are both an important prey item for upper trophic levels (seals and
whales) but also a consumer of many smaller fish that are also targeted by other
predators (Ainley et al., 2013; Pinkerton & Bradford-Grieve, 2014). While relatively
little is known about their fundamental life history characteristics and trophic linkages,
adolescent D. mawsoni are negatively buoyant and occupy deeper waters while larger
adults travel across all depths after achieving neutral buoyancy (Ainley et al., 2016;
Near et al., 2003). Exploratory scientific fishing for D. mawsoni began in 1972, and
captured less than ~10 tons of D. mawsoni every year (Figure 2.1; Ainley et al., 2013).
The commercial fishery started in 1997 and now removes ~3000 tons of large D.
mawsoni from the southwestern Ross Sea annually (Subarea 88.1; CCAMLR, 2021).
There has been a concomitant decline in the abundance and quality of this fish over
the past decades and the ecological impact of these changes are not well understood
(Ainley et al., 2013; DeVries et al., 2008; Pinkerton et al., 2007; Salas et al., 2017).
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The extraction of large D. mawsoni is concerning for Weddell seals because
seals may rely on this prey species to recover critical mass lost during the lactation
period (Salas et al., 2017). The energetic density of D. mawsoni (9.4 kJ g-1) is nearly
double that of shoaling Antarctic silverfish (Pleuragramma antarcticum; 5.0 kJ g-1),
which is the most common diet item in the McMurdo Sound Weddell seal population
(Goetz et al., 2017). Due to their larger size, the capture of a single D. mawsoni is
equivalent to that of 100’s of smaller P. antarcticum (Ainley & Siniff, 2009; Lenky et
al., 2012). However, these larger individuals are also preferentially removed by
commercial fishing efforts. Reductions in large D. mawsoni abundance due to
industrial fishing may be counteracted by increases in P. antarcticum populations that
result from predator release. This may contribute to the growing abundance of seals
within the McMurdo Sound population over the past 40 years (Ainley et al., 2015).
Alternatively, it is also possible that the removal of this large prey item may not be
fully counterbalanced by a dietary shift for smaller prey species (Ainley & Siniff,
2009; Lenky et al., 2012). At the moment, there is uncertainty surrounding the
importance of D. mawsoni to seals, and little empirical evidence to suggest that seals
have made this change towards feeding on a higher volume of smaller prey items than
in the past (Ainley & Siniff, 2009; Salas et al., 2017).
The second potential major impact is that climate change has shifted regional
sea ice regimes over the past four decades (Massom & Stammerjohn, 2010). Contrary
to the rapid warming and receding ice that has occurred along the West Antarctic
Peninsula, the Ross Sea has experienced long-term cooling and increases in the yearto-year variation and extent of annual sea ice cover (Parkinson, 2019). Because the
timing and extent of seasonal primary productivity is closely tied to ice melt, these
changes in seasonal patterns are likely to affect the foraging activities of top predators
through bottom-up trophic cascades (Massom & Stammerjohn, 2010; Paterson et al.,
2015). However, trends in sea ice within the Ross Sea have varied year-to-year and are
very non-directional in comparison to long-term trends in commercial fishing efforts
(CCAMLR 2021; Parkinson, 2019).
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Changes in diving behavior from declines in the abundance of large fish and
variation in sea ice are potentially detectable by comparing modern dive records to
those collected prior to the onset of commercial fishing or significant changes in
climate. Therefore, this study has two main aims: first, to evaluate overall shifts in
foraging dive metrics and behavior across decades. For this aim, I hypothesize that
Weddell seals may now be diving deeper and longer to search for smaller prey items
and foraging more frequently as energetically-dense adult D. mawsoni in shallow
waters have likely become harder to find since the 1970s (DeVries et al., 2008;
Parkinson, 2019; Salas et al., 2017). To compensate for the loss of large D. mawsoni,
seals may also be foraging more on shoals of P. antarcticum, which would result in
lengthier bottom times across all depths. In addition, the timing of seasonal behavior
may also be influenced by the possible alteration of seasonal patterns due to trends in
sea ice.
The second aim of this study is to determine if changes in dive metrics are
accompanied by differences in the proportion of different dive types (i.e., shapes) or
the patterning of these dives between decades. Changes in dive shapes or patterns can
be used to separate inferred foraging for P. antarcticum from large D. mawsoni.
Because P. antarcticum shoal in the pelagic zone, foraging for this species should
appear in a dive record as a series of consecutive U-shaped dives, each with a
relatively high bottom times (Fuiman et al., 2002). In contrast, a dive that results in D.
mawsoni capture would likely end a bout, as this prey item takes 60+ minutes for
Weddell seals to fully process these large fish (Ainley & Siniff, 2009; Kim et al.,
2005). While not all bouts end in D. mawsoni capture, this aim will also inform how
seals may be organizing their behavior and larger foraging effort. In combination, this
will be the first in-depth analysis into the historic records and the longest decade-todecade comparison ever conducted on the diving behavior of a marine mammal.
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Methods
Data Acquisition
In this study I compared data from Weddell seals instrumented with KooymanBillups TDRs (KBTDRs) in 1978, 1979, and 1981 (the historic records) to data
recovered from seals in 2013-2017 instrumented with computerized archival TDRs
(the modern records). The historic records (n = 19; females = 11, males = 5, NA = 3)
were obtained from Castellini et al. (1992) as paper dive traces covering an average of
7 days and translated into digital records using methods described in Tsai et al., (in
prep.). The modern records (n = 20) came from miniaturized archival TDRs (LOTEK
model LAT1800) that were deployed for an average of 115 days (but up to 427 days),
as initially reported in Beltran et al. (2021) on non-pupping adult female Weddell seals
from the McMurdo Sound, Antarctica population (77°30’S, 165°E).
All records were analyzed for dive statistics using the “diveMove” package
(Version 1.6.0; Luque, 2007) in R (Version 4.0.2; R Core Team, 2021) using a five
second sampling interval for the historic records, and a six second interval for the
modern records. From previous studies reported in Boyd (1993), this slight difference
in sampling interval between the modern and historic records is unlikely to affect
statistics given the average foraging dive in this study was 225 meters deep and 15
minutes long. The same algorithms and equations were used when analyzing the two
data sets such that dive metrics were fully comparable. Dives were only retained for
this chapter if deeper than 10 meters, shorter than 100 minutes in duration, and with
speeds less than 5 m/s (Davis et al., 2003; Heerah et al., 2013; Shero et al., 2018).
Dives deeper than 50 meters were used for investigating foraging dive metrics, as
dives beyond this depth are correlated with foraging behavior (Sato et al., 2002).
Dives deeper than 10 meters were used for assessing behavioral patterns and were
standardized for depth.
To assess long-term changes in McMurdo Sound, sea ice concentration data
from Scanning Multichannel Microwave Radiometer (SMM) and Special Sensor
Microwave/Imager (SSM/I) from 1978 – 2020 were obtained from the National Snow
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and Ice Data Center (NSIDC) and filtered to only contain data within the southwestern
extension of the Ross Sea (Comiso & Nishio, 2008; Stroeve & Meier, 2018). The data
were stored as geoTIFF files that contained monthly sea ice concentrations within
25x25 km grid cells, and sea ice was determined present in a cell if the average
monthly concentration exceeded 15 percent. These files were processed in ImageJ
(Version 1.53o; Ferreira & Rasband, 2012) to calculate the mean sea ice cover within
two zones: zone 1 (175km x 175km square surrounding McMurdo Sound), and zone 2
(300km x 350km square encompassing a larger spatial extent of the sound; Figure
A.4). Only months from the austral summer were examined for long-term sea ice
trends, consistent with where the data between the two decades often overlapped.
Some years were missing months of data due to incomplete records or corrupted files.
Changes in Foraging Dive Metrics
As indicated above, only dives with a maximum depth deeper than or equal to
50 meters were retained for investigating foraging dive metrics. This depth threshold
was selected because dives beyond this depth were likely to primarily represent
foraging activities (Sato et al., 2002).
For each dive, the duration, maximum depth, bottom time (calculated by the
“diveMove” package using models), percent of the foraging dive spent at the bottom
(% bottom time), and foraging efficiency (bottom time / dive duration + post dive
surface interval; Ydenberg & Clark, 1989) was calculated. Dives that were followed
by surface periods that exceeded 17.5 minutes were excluded from foraging efficiency
calculations, as surface rest periods longer than this were associated with the end of
foraging bouts. In addition to these dive metrics, the percentage of dives that exceeded
the calculated aerobic dive limit (cADL) was determined. The cADL is the amount of
time a seal can spend diving and the dive be predominately aerobic (Kooyman et al.,
1980). The cADL for each seal in the historic records was estimated using measured
seal mass (in kg) to calculate total body oxygen stores (TBO 2; in L O2 based on Shero
et al., in review; TBO2 = 0.061*mass + 5.7275) and diving metabolic rate (DMR; 1.6 x
Kleiber; in L O2 min-1; Kleiber, 1975). In the modern records, seal mass and TBO 2
54

Texas Tech University, EmmaLi Tsai, May 2022

were calculated individually, and DMR estimated as above. In both cases, the cADL
(min) was calculated as TBO2 stores divided by DMR. I also evaluated differences in
the percent of the day spent foraging at depths greater than 50 meters (i.e., foraging
dive time divided by total minutes in a day) using only full days of data to account for
shortened days where the TDR was placed on or off the seal. In addition to these
calculations, the mean bottom time spent foraging at different depths within 10-meter
bins was assessed to identify whether seals were foraging for higher volumes of
shoaling fish, which would result in lengthier bottom times across all depths.
Differences in foraging dive parameters between the historic and modern
records were evaluated using bootstrapping. Data were grouped either by decade (i.e.,
1970s or 2010s), year, month, or individual based on the specific comparison of
interest. Prior to comparisons, the data were transformed for normality and filtered to
only contain dive information from overlapping Julian days. To reduce the influence
of sample size (modern records contained far more dives), statistical significance for
observed differences in parameter values was assessed by bootstrapping the difference
in means of a randomly sampled dataset. This process was repeated at 5000 iterations
with replacement, which generated a null distribution of the differences in means. This
null distribution was then compared with the observed difference in means for
statistical significance at a 95% confidence interval.
To evaluate whether the decade-to-decade variation in dive metrics was of
biological importance, I evaluated the magnitude of absolute difference between every
unique year-to-year comparison in the dataset. For each year-to-year comparison, I
filtered the data to only include overlapping Julian days to reduce the impact of
seasonal changes in behavior on comparisons. Using all unique year-to-year pairings,
the data were then grouped by the type of comparison (i.e., decade-to-decade
comparison, or year-to-year comparison from the modern or historic dataset) and the
average magnitude of the group was calculated. This comparison assessed whether the
decade-to-decade variation in behavior was larger than variation in behavior between
years within a decade, which would indicate that seals could be responding to long55
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term alterations in the ecosystem. However, some year-to-year comparisons,
particularly in the historic dataset, could not be made due to a lack of overlapping
data.
Changes in Behavioral Patterns
To assess whether there were changes in diving patterns between historic and
modern times, individual dives were first categorized by shapes, dive bouts were
identified using bout ending criteria, and the sequencing patterns of behaviors assessed
using Markov chain models. Dive shapes were determined for all dives with depths
deeper than 10 meters by following methods previously used for Weddell seals (Burns
& Schreer, 2000; Schreer & Testa, 1992, 1996; Shero et al., 2018). Ten depth points
equally spaced in time were selected from each dive and standardized such that the
maximum depth of the dive was equal to 1. K-means cluster analysis (k = 4) using the
kmeans function in base R was used to create averaged centers for dives in both the
historic and modern records.
To sort dives into larger categories of behaviors, dives were placed into bouts
of activities. The end of each bout of activity was identified based on bout ending
criteria (BEC), following standard methods (Berdoy, 1993; Langton et al., 1995; Shero
et al., 2018; Sibly et al., 1990). For the modern records, BEC was determined by
creating a log frequency plot of post dive surface intervals (PDSI) using the
“diveMove” package (Luque, 2007). Three-process models were fit to the log
frequency distribution using a broken stick algorithm, and the BEC for each seal was
determined (Figure A.5). Two BEC were identified: short BEC and long BEC, which
were used to sort diving activities into two nested categories. Dives that were followed
by PDSI longer than the long BEC marked the end of a long bout (Figure A.5). Long
bouts often contained nested bouts with intermediate PDSIs between short BEC and
long BEC, which were sorted into shorter bouts (Figure A.5).
BEC were found to be highly sensitive and negatively correlated with the
duration of the overall record (Figure A.6). Unfortunately, the durations of the historic
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records were too short to accurately determine BEC using three-process models. This
was because very few long haul-out periods were captured in these relatively short (<2
weeks) dive records. Instead, BEC were identified by hand using two criteria (short
BEC = 20-30 minutes; long BEC > 100 minutes) that were close to BEC values
commonly found in the modern records (Table A.2). This allowed bout characteristics
to be compared between decades. However, because there were so few bouts in the
historic records the comparisons must be treated as speculative.
To determine the patterning of behaviors between decades, dive shapes and
bout criteria were used in concert to construct a list of diving states for each
individual, which were then evaluated through Markov chain modeling. To do this, a
list of behavioral states (i.e., dive shapes and bouts) were created for each seal based
on the order they appeared in the record. With the aid of functions present within the
“markovchain” R package, it was then possible to create an averaged probability
matrix based on the list of behavioral states for each decade (Version 0.8.6; Spedicato,
2017). This provided the probability of one behavior following another within the
records, which can be used to assess changes in diving patterns and possible
alterations in targeted prey items.
Results
Changes in Foraging Dive Metrics
Dive records were obtained from 19 seals in the historic records and 20 in the
modern records. The modern records contained 9,476 more foraging dives than the
historic records, as more seals were likely diving on a given Julian day in the modern
records (historic = 2,827 dives; modern = 12,303 dives). The historic and modern dive
data contained few overlapping days, with most of the data overlapping during the
November, December, and January austral summer months (Figure 2.2).
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Figure 2.2. Changes in foraging dive depth (in meters) by Julian day to show where
the historic and modern data overlapped. Historic data are denoted in salmon, and
modern data in teal.

When comparing dive metrics from overlapping Julian days, it was found that
mean foraging dive depths were significantly deeper by 33 meters in the modern
records (Table 2.1; historic = 163 ± 116 meters; modern = 196 ± 120 meters; p-value
< 0.01), and the maximum foraging dive depth was also deeper in the modern records
(historic = 543 meters; modern = 594 meters). Mean foraging dive durations were
significantly longer in the modern records (Table 2.1; historic = 13.5 ± 5.34 mins;
modern = 15.2 ± 7.02 mins; p-value < 0.01), and the longest modern dive was 9.9
minutes longer than the longest historic dive (historic = 48.2 mins; modern = 58.1
mins). The mean percent bottom time, mean foraging efficiency, and the percentage of
foraging dives beyond the cADL were all approximately twice as large in the modern
records than the historic records (Table 2.1). Seals in the 2010s also spent 8.9% more
of their day foraging than seals observed in the historic records (historic = 26.0 ±
15.1%; modern = 34.9 ± 19.7%; p < 0.05). All differences in dive metrics between
dive records were found to be significant (p < 0.05) when the data were grouped by
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decade (i.e., 1970s or 2010s), indicating a change in behavior between the two
datasets.
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Table 2.1 Decade-to-decade comparison of summary foraging dive metrics. Data were averaged across overlapping Julian days
and filtered to only include foraging dives deeper than 50 meters in depth.

Dive Metric
Number of Seals
Number of Dives
Mean Foraging Dive Depth
Maximum Dive Depth
Mean Foraging Dive Duration
Maximum Dive Duration
Mean % Bottom Time
Mean % Foraging Efficiency
Mean % Day Foraging
Mean % Foraging Dives Beyond cADL

1970s
Historic Records
19
2827
163 ± 116 meters
543 meters
13.5 ± 5.34 minutes
48.2 minutes
23.6 ± 22.9%
18.8 ± 18.1%
26.0 ± 15.1%
14.8 ± 19.2%
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2010s
Modern Records
20
12303
196 ± 120 meters
594 meters
15.2 ± 7.02 minutes
58.1 minutes
41.3 ± 22.2%
32.7 ± 18.5%
34.9 ± 19.7%
33.4 ± 27.8%
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Compared to differences between decades, seasonal patterns emerged when the
data were compared on a month-by-month basis (Table 2.2). When foraging dive
metrics were grouped by month, average foraging dive depths were shallower in the
early/mid austral summer in the modern records, but deeper in the late austral summer
months. More specifically, seals were diving shallower in November (Figure A.7;
historic = 329 ± 143 meters; modern = 210 ± 114 meters) and shallower in December
(historic = 289 ± 132 meters; modern = 201 ± 114 meters), but deeper in January
(historic = 116 ± 64.1 meters; modern = 175 ± 86.5 meters; all monthly p-values <
0.01). While there was overlapping data in August, September, and October, there was
only one individual for these monthly comparisons.
Similar month-to-month comparisons were made for all other dive metrics and
revealed that differences in dive metrics were largest in January, which is also where
most of the historic and modern data overlapped (Table 2.2). In January, seals in the
2010s made foraging dives that were longer than in the 1970s (Figure A.8; historic =
12.4 ± 3.49 minutes; modern = 15.2 ± 6.67 minutes; p-value < 0.01). Differences in
foraging dive durations were not found to be different in November (historic = 14.8 ±
5.03 minutes; modern = 15.0 ± 8.76 minutes) or December (historic = 14.7 ± 4.60
minutes; modern = 15.3 ± 7.10 minutes). In January, seals from the 2010s spent a
significantly larger percentage of their day foraging (Figure A.9; historic = 24.1 ±18.0;
modern = 36.9 ± 19.5; p-value < 0.01) and made more dives beyond their cADL
(Figure A.10; historic = 6.17 ± 14.9; modern = 31.3 ± 26.7; p-value < 0.01).
Differences in the percentage of the day spent foraging were not found to be different
in November (historic = 27.6 ± 8.51%; modern = 17.4 ± 12.8%) or December (historic
= 28.3 ± 17.1%; modern = 20.2 ± 15.6%). Similarly, the percentage of dives beyond
the cADL were not significantly different in November (historic = 17.4 ± 15.2%;
modern = 35.1 ± 31.6%) or December (historic = 23.5 ± 29.4%; modern = 34.4 ±
30.9%).
Trends in foraging percent bottom time and foraging efficiency were
exceptionally similar between the two decades (Table 2.2). Seals in the 2010s spent a
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significantly larger percentage of their dive at the bottom phase in November (Figure
A.11; historic = 12.9 ± 14.5%; modern = 28.7 ± 22.6%; p-value < 0.01), December
(historic = 14.4 ± 17.2%; modern = 38.4 ± 22.7%; p-value < 0.01), and January
(historic = 29.3 ± 22.7%; modern = 44.9 ± 20.5%; p-value < 0.01). Nearly identical
trends were also observed with foraging efficiency, where seals in the 2010s foraged
more efficiently in November (Figure A.12; historic = 9.16 ± 9.97%; modern = 19.4 ±
17.4%; p-value < 0.01), December (historic = 12.2 ± 14.1%; modern = 29.5 ± 18.5%;
p-value < 0.01), and January (historic = 23.6 ± 17.8%; modern = 36.1 ± 17.6%; pvalue < 0.01).
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Table 2.2 Differences in foraging dive metrics between decades separated by month. Differences represent the historic monthly
average subtracted by the modern monthly average for overlapping Julian days. Therefore, negative values indicate the dive
metric was larger in the modern dataset. Significant differences between months are indicated in bold.

Dive Metric
Mean Foraging Dive Depth
Mean Foraging Dive Duration
Mean % Bottom Time
Mean % Foraging Efficiency
Mean % Day Foraging
Mean % Foraging Dives Beyond cADL

November
Historic n = 2
Modern n = 7
119 meters
-0.2 minutes
-15.8%
-10.2%
10.2%
-17.7%
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December
Historic n = 4
Modern n = 19
88 meters
-0.6 minutes
-24.0%
-17.3%
8.1%
-10.9%

January
Historic n = 9
Modern n = 19
-59 meters
-2.8 minutes
-15.6%
-12.5%
-12.8%
-25.1%
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The mean bottom time spent at each 10-meter depth strata revealed that seals
observed in the modern records spent more of their time at the bottom phase of their
dive across all depths shallower than 400 meters (Figure 2.3). Dives beyond 400
meters lost this trend, as a majority of the dive time would be spent transiting to and
from deeper depths. The largest difference between the 1970s and 2010s was found at
depths of 200-400 meters, which is consistent with depths at which shoals of P.
antarcticum are often encountered (Fuiman et al., 2002).

Figure 2.3. Depth (meters) and mean bottom time spent at depth (mins) when averaged
across overlapping Julian day. Modern data are indicated in teal and historic data in
pink.

To assess whether observed differences were likely to be of biological
importance, I compared the mean absolute difference of all dive metrics for each
unique year-to-year comparison in the dataset. The patterns in variance comparisons
revealed that decade-to-decade variation in all dive metrics was much larger than yearto-year variation (Table 2.3; Figure A.13). Decade-to-decade variation in foraging
dive depth was found to be nearly three times as large as year-to-year modern
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variation, and foraging dive duration was twice as large (Table 2.3). There was also a
large difference in decade-to-decade variation in percent bottom time and foraging
efficiency, both of which were found to be nearly five times larger than year-to-year
variation within the modern dataset (Table 2.3). Lastly, variation in the percentage of
the day spent diving decade-to-decade was also found to be twice as large than yearto-year in the modern dataset, and three times as large for the percentage of foraging
dives beyond the cADL (Table 2.3). Similar trends were also found when the data
were grouped by variation between individuals, where the magnitude of variation
between seals from different decades was much larger than the magnitude of variation
between seals from the same decade (Figure A.14). Combined, variation in all dive
metrics decade-to-decade were found to be much larger than variation that can be
found within a decade.
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Table 2.3. Comparison of decade-to-decade variation in foraging dive metrics with year-to-year variation in behavior that can
be found within the modern and historic records. Data are represented by the mean absolute differences and standard
deviations. Year-to-year historic comparisons only had one set of overlapping years, and only full days of data were included
for the percentage of the day spent foraging. Graphical comparisons of the data contained within this table can be found within
Figure A.13.

Dive Metric

Decade-to-Decade

Year-to-Year
Modern

Year-to-Year
Historic

Foraging Dive Depths
Foraging Dive Durations
% Bottom Time
% Foraging Efficiency
% Day Foraging
% Foraging Dives Beyond cADL

54.0 ± 23.2 meters
2.66 ± 3.32 mins
16.40 ± 9.04%
14.80 ± 6.36%
12.60 ± 6.00%
19.50 ± 9.75%

17.2 ± 12.0 meters
1.19 ± 0.90 mins
3.05 ± 2.33%
2.99 ± 2.27%
5.93 ± 7.15%
6.92 ± 5.88%

65.7 meters
0.22 mins
9.25%
8.42%
NA
5.47%
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To assess long-term changes in the Ross Sea, I evaluated the history of D.
mawsoni fishing and changes in sea ice concentration within McMurdo Sound from
1970s – 2010s. In comparison to scientific fishing that removed less than 10 tons of D.
mawsoni per year, the commercial fishery now removes up to 3,000 tons of D.
mawsoni annually (Ainley et al., 2013; CCAMLR, 2021). Trends in sea ice revealed
that average summer sea ice concentration within McMurdo Sound has been relatively
constant over the past decades, with a slight 1.5% increase in average summer sea ice
concentration from the 1970s to 2010s (Table 2.4; Figure A.4). Regional sea ice
anomalies also increased the variation in summer sea ice concentrations from the
1970s to the 2010s, consistent with known literature (Parkinson, 2019).

Table 2.4. Changes in the Ross Sea from the 1970s – 2010s. Data from the 1970s and
1980s are combined for the purposes of this table, as there were only two years with
sea ice data from the 1970s.
D. mawsoni
Summer Sea Ice
Decade
Sea Ice Variation
extracted
Concentration
1970s – 1980s

< 10 tons/year

49.7%

Smaller

2010s

~ 3,000 tons/year

51.2%

Larger

Changes in Behavioral Patterns
Cluster analysis identified four dive shapes in both the historic and modern
records: skewed left, V-shaped, skewed right, and U-shaped dives, which have been
found in previous studies on diving behavior (Figure 2.4; Burns et al., 1997; Shero et
al., 2018). The dive shapes occurred in similar frequencies between the two decades,
with most dives being either V-shaped (historic = 33.1%; modern = 39.8%) or Ushaped dives (historic = 30.7%; modern = 32.5%). All dive shapes exhibited depth
histograms between decades that were comparable (Figure 2.4). The skewed left and
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right dives both occurred at predominately shallow depths, and V-shaped dives
frequently occurred at deeper depths (Figure 2.4).

Figure 2.4. Dive shape averaged medoids (top) and depth histograms (bottom) for the
historic records (bottom, upper panel) and modern records (bottom, lower panel)
Different dive shapes are denoted by colors and the frequency of each shape for each
decade is in the top right corner of the depth histogram.

The metrics for each dive shape were similar between the 1970s and 2010s. Ushaped dives had the longest mean dive duration in the historic records, but V-shaped
dives had the longest mean dive duration in the modern records (Table 2.5). In both
the historic and modern records, V-shaped dives contained the shortest mean bottom
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time (Table 2.5). U-shaped dives from both decades of dive data exhibited bimodal
depth distributions and had the longest mean bottom times out of the other dive shapes
(Figure 2.4; Table 2.5).

Table 2.5. Dive metrics for each dive shape. Data are indicated by the mean and
standard deviations of the dive metric. The historic data are within shaded rows, and
the modern data are in white rows.
Skewed Left
V-shaped
Skewed Right
U-shaped
Dive Depth

Dive
Duration
% Bottom
Time

151±126 m

138±139 m

95.1±98.9 m

94.4±64.8 m

128±114 m

267±189 m

91.3±78.7 m

118±93.1 m

9.53±6.18 mins

13.1±4.33 mins

12.0±6.34 mins 9.32±6.93 mins
11.6±8.80 mins

13.4±8.04

8.62±6.55

11.8±7.04

21.9±25.0%

10.4±14.3%

14.9±22.8%

39.4±20.2%

48.2±22.0%

27.3±19.3%

46.8±24.4%

50.8±18.4%

To assess whether seals were organizing their behavior differently, dives were
sorted into different bouts of activities. The three-process model for determining the
end of dive bouts revealed that short bouts had a mean threshold post dive surface
interval of 17.5 minutes, and 79.3 minutes for long bouts (Table A.2). In the 2010s,
there were 1,479 long bouts that contained 47 dives on average. These long bouts
often contained 2.1 nested shorter bouts, lasted 14.8 hours long, and averaged dives
that were 201 ± 56.3 meters deep and 11.8 ± 2.37 minutes long. In comparison, the
1970s only contained 148 long bouts that consisted of 27 dives on average. The
historic long bouts often contained 2.5 nested shorter bouts, lasted 8.86 hours long,
and averaged dives that were 106 ± 32.9 meters deep and 10.2 ± 1.41 minutes long.
Seals from the 1970s made approximately 1.73 long bouts per day, and seals from the
2010s made 1.56 long bouts per day. However, there were so few bouts within the
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historic records that comparisons of bout characteristics between decades was
speculative.
Combining bout information with dive shapes to assess behavioral patterns
revealed that V-shaped dives were most likely to end long bouts in both the 1970s and
2010s (Figure 2.5; historic = 44%; modern = 42%). However, the second most
common shape to end a long bout differed slightly by decade. U-shaped dives ended a
long bout 26% of the time in the modern records but was closely split between all
other dive shapes in the historic dive records (Figure 2.5; skewed left = 21%; skewed
right = 20%; U-shaped = 15%). The historic and modern data also exhibited temporal
autocorrelation, with dives usually being followed by dives of the same shape (Figure
2.5). This was found to be particularly true for V-shaped and U-shaped dives. All
other behavioral patterns were visually similar between decades (Figure 2.5).

Figure 2.5. Markov chain schematic of behaviors that are most likely to follow others.
Probabilities are averaged across the records, with historic probabilities in blue and
modern probabilities in red. Probabilities related to short bouts are highlighted in pink,
and long bouts are highlighted in purple.
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Discussion
My comparisons of dive metrics and patterns for Weddell seals from the 1970s
– 2010s revealed multiple differences, all of which suggest that seals in the 2010s may
have responded to declines in the availability of large prey at shallow depths and have
increased their foraging effort for smaller fish. In addition, seasonal patterns indicate
that this impact is most significant in January, which is also when seals are foraging
extensively to regain critical mass lost during the November and December period
(Salas et al., 2017). Within January, seals from the 2010s were making foraging dives
that were deeper, longer, more efficient, more likely to exceed their cADL, and
spending more time at the bottom phase of their dive. This distinct difference in
January suggests that conditions within this month may be harder for seals in the
2010s than they may have been in the 1970s, which has important implications for
how quickly seals can regain mass after the early austral summer.
Several lines of evidence suggest that changes in seal behavior from the 1970s
– 2010s is likely in response to changes in the prey field, which may be occurring due
to long-term commercial fishing pressure for D. mawsoni. Commercial fishing is
likely driving these differences in foraging behavior from the 1970s – 2010s because
this study found an absence of long-term directional trends in sea ice within McMurdo
Sound (Figure A.4). In comparison to trends in sea ice, commercial fishing began in
1997 and has consistently and preferentially removed large D. mawsoni that are often
found at shallower depths. From my analysis, I found that seals were diving deeper,
longer, and spending more time at the bottom phase of their dive in the 2010s than in
the 1970s, which is consistent with what one would expect if large D. mawsoni were
more absent from shallower depths than they used to be in the 1970s. I also found that
seals were spending more time at the bottom phase of their dive across all depths,
which suggests increased foraging effort for shoaling species. In addition, the largest
difference in mean bottom time between the two decades occurred at depths of 200 –
400 meters, which is consistent with where shoals of P. antarcticum are often
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encountered (Fuiman et al., 2002). Variation in all dive metrics between decades were
much larger than year-to-year differences within the modern records, which indicated
that changes in behavior were due to long-term alterations within the Ross Sea
ecosystem.
Behavioral patterns and the proportion of dives of different shapes between the
two decades were exceptionally similar. It was found that V-shaped dives and skewed
dives predominately ended long bouts in the historic records, but was V-shaped and
U-shaped in the modern records. Given D. mawsoni capture ends a bout of dives, this
discrepancy may suggest changes in foraging success for this fish (Kim et al., 2005).
However, this finding is speculative because not all bouts end with D. mawsoni
capture and our lack of knowledge of the characteristics of D. mawsoni foraging dives
within two-dimensional dive data.
Differences in foraging behavior have not been corroborated with changes in
the diet of Weddell seals, which suggests a shift in foraging effort for the same prey
items between the two decades. Seals may be foraging for higher volumes of P.
antarcticum because commercial fishing has preferentially removed large D. mawsoni
(predators of P. antarcticum), leading to predator release (DeVries et al., 2008;
Pinkerton & Bradford-Grieve, 2014). This has been proposed to describe long-term
population trends in nearby Adélie penguin (Pygoscelis adeliae) colonies (Ainley et
al., 2003; DeVries et al., 2008). Or, seals may be foraging for higher volumes of P.
antarcticum to compensate for the loss of energy-dense D. mawsoni (Salas et al.,
2017). This possibility is also reasonable, as seals would have to consume nearly 1000
P. antarcticum to offset the energy that would be gained from a single D. mawsoni
(Salas et al., 2017). This scenario has been used to explain the decreased sightings of
killer whales (Orcinus orca; ecotype-C), another large predator of D. mawsoni, within
the same region (Ainley et al., 2017; DeVries et al., 2008). Or, differences could also
represent seals foraging more for adolescent D. mawsoni that are found at deeper
depths, but little is known about the behaviors of these younger individuals (Ainley et

72

Texas Tech University, EmmaLi Tsai, May 2022

al., 2013). In all, these possibilities are not mutually exclusive but could explain the
increased foraging effort that was found since the 1970s.
The changes in behavior that have occurred since the 1970s have not been
accompanied by population-level effects, as the population of seals located within
McMurdo Sound has been very stable over the past four decades (Ainley et al., 2015).
Therefore, differences between decades likely represents the plasticity of diving
behavior in adult Weddell seals. However, there are limits to behavioral plasticity. If
seals were unable to operate within their limits, then I would expect that long-term
stressors would first negatively affect this population of seals by decreasing pupping
rate and yearling survivorship (Eberhardt, 1985). This would then reduce the presence
of strong cohorts in the population, making the population more vulnerable to other
kinds of environmental perturbations. While the long-term trends in sea ice (see Figure
A.4) from this study suggests that climate change is not yet dramatically impacting
seals in McMurdo Sound, commercial fishing combined with rapid changes in future
climate would likely amplify existing stressors within the ecosystem.
While I discovered evident changes in diving behavior between the 1970s and
2010s, my results were also limited by the unavoidable challenges of working with
historic data. Some monthly comparisons (i.e., August, September, & October) were
only represented by one individual from either the historic or modern dataset.
Although the modern data were filtered extensively (i.e., by foraging dives and
overlapping Julian days) such that dive metrics were more comparable, the
conclusions present within this chapter were speculative given the sparse temporal
coverage of the historic records. Regardless of these limitations, this study also
highlights the immense value of historic datasets. Historic data contain empirical
information on the behaviors of animals before modern conditions, which are rapidly
changing in polar environments (Stammerjohn & Scambos, 2020). These older
datasets need to be continuously maintained to keep pace with modern technology and
should be used in the construction of future management decisions.
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One of the largest management decisions within this region of Antarctica has
been the establishment of the Ross Sea Marine Protected Area (MPA) in December of
2017, which was the largest MPA of its time covering nearly 600,000 square miles of
ocean (Brooks et al., 2021). This MPA created regions of the Ross Sea with limited
commercial fishing for 35 years (Brooks et al., 2021). While the MPA did not fully
eradicate commercial fishing, future monitoring within this region of Antarctica
should utilize historic dive records as a baseline to assess how effective the MPA has
been in protecting the ecosystem. Dive records from top predators in particular can be
ecological indicators of the conditions of lower trophic levels, phenology, and overall
habitat quality (Hindell et al., 2020; Kotler et al., 2007; McMahon et al., 2019). If the
MPA has been effective in re-establishing large D. mawsoni in shallower waters, then
I would expect that seal foraging behavior in later decades would be more similar to
dive records from the 1970s before significant D. mawsoni fishing occurred. In all, it
is essential we continue to update, develop, maintain, and monitor long-term datasets
to ensure the prosperity of some of the world’s most pristine environments for
generations to come.
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Appendix

Figure A.4. Trends in sea ice within the southwestern Ross Sea from 1978 – 2020 (left). Data are separated by zone (zone 1,
solid line = McMurdo Sound; zone 2, dashed line = broader southwestern Ross Sea), which are denoted in a sample GeoTIFF
image (bottom right). For context, the 25km x 25km cell representing Ross Island is identified (top right; photo from SCAR
Antarctic Digital Database).
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Table A.2. Bout ending criteria (BEC) information determined from three-process
models for the modern records separated by seal and season.
Seal ID
11007
11445
12275
12275
13223
13224
13266
13277
13287
13321
14006
14045
14096
14488
14514
14669
14762
14789
15569
15569
16601
17629

Season
Summer
Summer
Summer
Winter
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Summer
Winter
Summer
Summer
Summer
Summer
Summer
Summer
Winter
Summer
Summer

Short BEC (mins)
21.0518
14.57355
18.34272
14.35169
14.46449
19.73314
13.82936
22.3077
25.95317
22.9149
11.59716
11.3647
28.93316
18.70012
18.64818
15.67484
18.47128
19.00665
18.31302
16.44422
22.59064
18.09634
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Long BEC (mins)
74.46099
78.65895
59.97129
85.91536
65.82576
134.2525
40.67938
166.2872
61.71473
95.71273
66.85019
67.82295
112.5284
127.8875
62.30303
71.25517
61.54596
67.73207
71.78835
58.88899
70.01404
88.11672
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Figure A.5. Schematic to illustrate the methods used for determining bout ending
criteria (BEC; mins), including the log frequency plot of post dive surface interval
(PDSI; top), and a graphic to illustrate how diving activities are sorted in a dive record
(bottom). Dives with intermediate PDSIs are sorted into short bouts, and dives with
longer PDSIs are sorted into long bouts.
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Figure A.6. Comparison of bout ending criteria (BEC; minutes) with changing record
duration (days). For the purposes of this graph, a record was gradually shorted and
BEC was calculated. The three-process model stopped converging once the record
reached 30 days. The light gray dashed line represents 14 days, which is the maximum
length of the KBTDR records. Note the increase in BEC with decreasing record
duration.
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Figure A.7. Comparison of average dive depths (meters) of the modern and historic
records by Julian day. Salmon indicates values for the historic records, and teal
denotes the modern records. Smaller windows below provide views of months with
overlapping data between the two decades, with sample sizes for each comparison in
the top right corner. Dive data from modern seals usually spanned multiple months,
and significant monthly differences from bootstrapping are denoted by asterisks (*).
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Figure A.8. Comparison of average dive durations (mins) of the modern and historic
records by Julian day. Salmon indicates values for the historic records, and teal
denotes the modern records. Smaller windows below provide views of months with
overlapping data between the two decades, with sample sizes for each comparison in
the top right corner. Dive data from modern seals usually spanned multiple months,
and significant differences are denoted by asterisks (*).
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Figure A.9. Comparison of the percentage of the day spent foraging in the modern and
historic records by Julian day. Salmon indicates values for the historic records, and
teal denotes the modern records. Smaller windows below provide views of months
with overlapping data between the two decades, with sample sizes for each
comparison in the top corner. Dive data from modern seals usually spanned multiple
months, and significant differences are denoted by asterisks (*).
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Figure A.10. Comparison of the percentage of dives lasting beyond cADL (%) of the
modern and historic records by Julian day. Salmon indicates values for the historic
records, and teal denotes the modern records. Smaller windows below provide views
of months with overlapping data between the two decades, with sample sizes for each
comparison in the top corner. Dive data from modern seals usually spanned multiple
months, and significant differences are denoted by asterisks (*).
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Figure A.11. Comparison of the percent bottom time in the modern and historic
records by Julian day. Salmon indicates values for the historic records, and teal
denotes the modern records. Smaller windows below provide views of months with
overlapping data between the two decades, with sample sizes for each comparison in
the top corner. Dive data from modern seals usually spanned multiple months, and
significant differences are denoted by asterisks (*).
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Figure A.12. Comparison of foraging efficiency between the modern and historic
records by Julian day. Salmon indicates values for the historic records, and teal
denotes the modern records. Smaller windows below provide views of months with
overlapping data between the two decades, with sample sizes for each comparison in
the top corner. Asterisks (*) indicate significant differences between records at a 95%
confidence interval. Dive data from modern seals usually spanned multiple months.
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Figure A.13. Year-to-year comparisons of (a) dive depth, (b) dive duration, (c) % dives beyond cADL, (d) % day foraging, (e)
% bottom time, and (f) foraging efficiency. Data are separated by decade-to-decade comparisons (green boxes), modern
comparisons (blue boxes), historic comparisons (yellow boxes). The size illustrates the magnitude of the difference (year one –
year two), the color denotes the direction of this difference, and dots within the centroid denote significance. Text within the
corners show the mean absolute difference within each box. Tilde (~) indicate one comparison due to lack of overlapping days
(i.e., historic year-to-year comparisons). Some metrics are missing historic comparisons from lack of full days of data.
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Figure A.14. Seal-to-seal comparisons of (a) dive depth, (b) dive duration, (c) % dives beyond cADL, (d) % day foraging, (e)
% bottom time, and (f) % foraging efficiency (f). Data are separated by decade-to-decade comparisons (green boxes), modern
comparisons (blue boxes), and historic comparisons (yellow boxes). The size of the point illustrates the magnitude of the
difference (seal one – seal two), the color denotes the direction of this difference, and dots within the center of the point mark
whether the difference was significant through bootstrapping. Text within the bottom corners of each box denote the mean
absolute difference within each box.
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